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ABSTRACT 


The polysaccharides play an important role in the field of science and technology due to their 
unique pioperties. I he polysaccharides are renewably available from natural and microbial 
resources. They are biodegradable and nontoxic. Water-soluble polymers based on grafted 
polysaccharides have drawn much attention in the recent decades because of their controlled 
biodegradability, shear stability and high efficiency as turbulent drag reducers, viscosifiers 
and flocculants. The graft copolymers show better flocculation performance than the 
ungrafted polysaccharides, which is due to the better approachability of the grafted chains to 
the colloidal particles. The viscosity of the graft copolymers also increases than that of the 
base polysaccharides, because of the presence of the longer grafted chains. 

The aim of the present investigation is to graft polyacrylamide (PAM) onto the backbone of 
chitosan in presence of ceric ammonium nitrate (CAN) as initiator. Further, it was envisaged 
to synthesize a series of graft copolymers with variation in the number and length of PAM 
chains by varying the concentration of acrylamide and CAN. 

The chitosan, PAM and the synthesized graft copolymers were characterized by various 
materials characterization techniques, like, elemental analysis, viscometry (intrinsic 
viscosity), infrared spectroscopy (IR), thermal analysis (TGA/DSC), scanning electron 
microscopy (SEM), and X-ray diffraction (XRD). The flocculation characteristics of graft 
copolymers were evaluated in four synthetic effluents of namely, kaolin, iron ore, silica and 
bentonite suspensions. 

The best flocculation performing PAM grafted chitosan was partially hydrolysed by the 
treatment with certain amount of alkali. A series of hydrolysed products were synthesized 
with varying the experimental conditions in order to establish the flocculation efficiency with 
expansion and straightening of the grafted flexible PAM chains. During hydrolysis, the - 
CONH2 groups of PAM chains are converted to -COO' groups. The repulsion between the 
adjacent negatively charged groups leads to chain expansion. 

In some cases the hydrolysed graft copolymers shows better flocculation performance than 
the corresponding graft copolymers. The hydrolysed products were, characterized by 
elemental analysis. IR spectroscopy, neutralization equivalent, SEM, thermal analysis, and 
XRD. 
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Abstract 


By varying the concentration of acrylamide and CAN, seven grades of chitosan based graft 
copolymers were synthesized (Chitosan-g-PAM 1 to Chitosan-g-PAM7). The variation of 
synthetic parameters is reflected in the intrinsic viscosity of graft copolymers. The results of 
elemental analysis, IR spectroscopy, thermal analysis, XRD, SEM etc. establish the proof of 
grafting. In the series of graft copolymer based on Chitosan, the one with fewer and longer 
PAM chains was found to be most effective fiocculant in all the four suspensions. 

During partial alkaline hydrolysis of PAM grafted chitosan, it is possible to control the 
carboxyl content by controlling the reaction parameters, e.g. time, temperature and 
concentration of alkali. The hydrolysed products show better flocculation performance than 
the unhydrolysed product in kaolin suspension. Further the hydrolysed product, which has 
certain amount of carboxyl content but is still having flexible grafted chains showed better 
flocculation performance than others having the higher carboxyl content and complete loss of 
flexibility. On hydrolysis, the -CONH 2 groups of the graft copolymer were converted to - 
COO' groups and the chain extension takes place. The negative charges on grafted chains 
also increase. The former enhances the flocculation and the latter decreases the flocculation 
due to increasing repulsion between fiocculant and negatively charged particles. Even though 
the former effect is dominant, only at optimum hydrolysis, there will be larger enhancement 
in flocculation characteristics. Among all the hydrolysed graft copolymers Chito-hyd-3 
exhibited best flocculation performance for Kaolin and Iron Ore suspensions. Whereas Chito- 
hyd-4 showed best flocculation performance for silica and bentonite suspensions. 

It is found that cationic polysaccharides are widely used as wet end additives in paper making 
industries. This is because they provide many benefits like improvement of the mechanical 
strength of the floes, better retention of the fines and fillers, faster draining; reduction of 
waste water pollution. 

The aim of this part of investigation was to synthesize some water-soluble cationic Chitosan 
where a cationic monomer N - (3-chloro-2-hydroxypropyl) trimethyl ammonium chloride 
(CHPTAC) has been incorporated onto the backbone of chitosan in presence of NaOH. 
Further, a series of cationic chitosan have been synthesized by varying the reaction 
parameters like concentration of the CHPTAC monomer and reaction time. It has been 
observed that with increase in CHPTAC concentration, flocculation performance increases, 
but after optimum CHPTAC concentration, with further increase in monomer concentration, 
the flocculation performance decreases. 
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The CHPTAC and synthesized cationic chitosan were characterized by various materials 
characterization techniques such as elemental analysis, IR spectroscopy, SEM, thermal 
analysis, viscometry and X-ray diffraction analysis. All techniques provided unambiguous 
proof of chemical loading of cationic moiety on chitosan. The flocculation characteristics of 
these cationised chitosans were evaluated in four synthetic effluents of namely, kaolin, iron 
ore, silica and bentonite suspensions. Cationic polymers are more efficient as flocculating 
agents for highly negatively charged colloidal particles suspensions due to their positively 
charged side chains. So, it is expected that the cationic polymers will work as a better 
flocculant for the particles having highly negative Zeta potential. Apart from the obvious 
explanation of simple ionic attraction leading to the flocculation, the flocculation also takes 
place due to polymer bridging mechanism. So, there would be a competition between the 
bridging and charge neutralization mechanisms, which effectively invites the particles to 

come closer leading to flocculation. 


XX 





Introduction 


1.1 INTRODUCTION 

In day-to-day life, the need of water is very much essential for the survival of human beings 
and almost all industries. 1o meet the need of potable, industrial and agricultural water, it is 
important to treat wastewater, particularly the municipal sewage, sludge, slime and industrial 
effluents. These effluents arc highly undesirable and unsafe to use. The wastewater contains 
solid particles with various shapes and sizes. Some time the industrial wastewater contains 
heavy metals, which is not only toxic to us but also toxic to plants. So removal of these solid 
particles from the water is of great interest and our need. Many of the inorganic contaminants 
and biological organisms are found adsorbed on or incorporated in these particles [I, 2]. 
Therefore, to prevent the toxic effect of these inorganic chemicals like arsenic, lead, and 
mercury, and to prevent the water borne diseases, treatment of the wastewater is must prior to 
use. 

The waste-water contains both dissolved materials and suspended particles. Large portions 
of these suspended particles are too small (lOpm) to remove by usual filtration techniques. 
Also the sedimentation rate of these particles is very slow for practical use in industries. 
Most of these particles are negatively charged in water, which is the major cause of stability 
of the suspended particles in aqueous media. So the usual techniques to remove these fine 
particles from water is by addition of inorganic or organic chemicals that accelerates the 
aggregation of these fine particles to large aggregates and enhance the sedimentation rate. 
The inorganic chemicals used in this process vary from aluminium to iron. These inorganic 
chemicals are low in cost and that makes them attractive for industrial use. These metal ions 
hydrolyzed easily to form insoluble particles and natural or synthetic organic polyeletrolytes 
rapidly adsorbed on the surface of these particles. But the residues of these large amounts of 
inorganic chemicals are now becoming threat to us. Disposal of these effluents are the major 
problem now a day all over the world. The disposal coming from toxic chemicals has created 
hazardous environmental problem. Not only that, even the minute residues of these chemicals 
caused toxic effect to human being. Among all the inorganic chemicals available aluminium 
sulfate and poly aluminium chloride (PAC) are the most widely used because they are cheap, 
effective and easy to handle. Most important of all, aluminium can be overdose to ensure 
coagulation efficiency. However, over-use of aluminium salt coagulants elevates the 
aluminium concentration and turbidity in the treated water, which in turn devaluated the 
treatment process. Some scientists relating the use of aluminium to Alzheimer disease [3, 4]. 
They found high level of aluminium in the brain of deceased Alzheimer’s patient. 
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Epidemiological evidences [3] linking the aluminium level in drinking water with the 
incidence of Alzheimer disease. In 1990 the EPA maintained a list of chemicals suitable for 
potable water treatment in the United States. The standard has been turned over to a group of 
organizations headed by the National Sanitation Foundation, which has issued standard in 
1992 for the principal inorganic chemicals. At that time only two polymers have been 
certified for use. These are poly (DADMAC) and Epi-DMA. But even at that time a question 
of disposal was there. 

This concerning matter has forced the scientists and technologists to develop organic 
materials and materials from renewable sources and plant resources to protect the 
environment from health threat. They developed different types of organic material, named 
flocculants. These materials do their work in low amount. These organic materials remove 
the suspensions of the effluent by coagulation and flocculation. Coagulation and flocculation 
require a unique combination of chemical and physical phenomena for water treatment 
process. 

These organic materials can be classified into two categories; e.g. natural organic materials 
(polysaccharides) and synthetic organic materials. Polysaccharides today play a major roie as 
alternative to inorganic materials due to both their generally non-toxic nature and the 
constantly rising global demand for energy and raw materials. The polysaccharides mainly, 
starch, different types of gums, alganic acid, cellulose and its derivatives, dextran, glycogen, 
CMC, chitosan etc. These polymers are large organic molecules that occur in a variety in 
nature. Depending upon the source, these polysaccharides have many impurities and 
molecular distributions. However, purification and grafting can make useful products, which 
can be used as water treatment material. Synthetic materials are broadly divided into non- 
ionic, cationic and anionic categories. Among the natural and synthetic polymers used in 
water treatment application, synthetic polymers are much more effective than natural 
polymers, which are attributed to the easy tailorability of the polymers. But the biggest draw 
back of these polymers is their shear degradability. It is well known that polyacrylamide and 
its copolymers are used as good water treatment agent for the beneficiation of the mineral and 
paper industries. The draw back of polyacrylamide lies in the fact that it is degraded by shear 
forces. However the great advantage of natural polymers over synthetic polymers is their low 
cost, non-toxicity, biodegradability and shear resistant characteristics [5], but the 
biodegradability of natural polymers comes as a drawback in that it reduces the storage life as 
Vv'ell asperformance. 
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ll is evident in all the polymers, be it natural or synthetic, have one or another disadvantage. 
I'herefore, many attempts have been made in the past by grafting synthetic polymers onto 
natural ones is order to combine the best properties of both. The great advantages thus 
obtained are high flocculation efficiency, control biodegradability and shear resistant 
characteristics of the grafted copolymers [6-8]. Here, the word flocculation is used to 
describe the w'ater treatment process where agglomerates are formed with the polymers used. 

Various types of graft copolymers have been synthesized by grafting polyacrylamide onto the 
polysaccharides (amylose, amylopectin [9], guar gum [10], hydroxypropyl guar gum [11] P. 
psyllium [12], sodium alginate [13], starch [14], CMC [15]) backbone. It has been observed 
that these graft copolymers exhibits better flocculation characteristics in various aqueous 
suspensions than the polyacrylamide (PAM). The better efficiency of these graft copolymers 
over PAM can be attributed to the closer approachability of the grafted PAM chains to the 
colloidal particles in compare to the PAM, as proposed by Singh [6-8]. 

In this study the author used chitosan as a base polymer. Chitosan is the deacetylated 
derivative of chitin [16]. Chitin is one of the most abundant organic materials, being second 
only to cellulose in the amount produced annually by biosynthesis. It occurs in animals, 
particularly in crustacean, molasses and insects, where it is a major constituent of the 
exoskeleton, and in certain fungi, where it is the principal fibriller polymer in the cell wall. It 
is manufactured from crab and prawn shells [16-22], in countries such as Japan, China, 
Tiwan, the U.S. and India, which have long coastlines where fishing and fish processing are 
major industries. The availability, manufacturing process, production economics, chemistry 
and possible applications of chitosan are all documented by Muzzarelli [23]. The estimated 
cost of production is about two dollars per kg. Chitin has a crystalline structure and it 
constitutes a network of organic fibres. This confers rigidity and resistant to organism that 
contain it. Chitin is poly [p- (l-4)-2-acetamido-2-deoxy-d-glucopyranose] and its idealized 
structure is shown in Figure 1.1. 

Chitosan is produced by alkaline deacetylation of chitin. Chitosan also occurs naturally in 
some fungi [24, 25] but its occurrence is much less widespread than that of chitin. Chitosan is 
poly [p -(l-4)-2- amino-2 -deoxy-D glucopyranose] and its idealized structure is shown in 
Figure 1,2. 
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Fiffure 1.2 Structure of chitosan 


The structure of chitosan reveals the high percentage of nitrogen (6.9%), amino and hydroxyl 
groups on the back bone of chitosan, where they act as chelating sites for metal ions. This 
attracts a large amount of academic and industrial interest. The typical commercially 
available chitosan has approximately 85 % deacetylation. Even it is possible to get 100 % 
deacetylated product depending on the method of deacetylation and the duration of the 
treatment [26-29]. 

Keeping in mind renewable resources of this polymer and its biodegradability and non- 
toxicity [20], it is very attractive in the field of applications like water treatment and 
biomedical applications [24, 25, 26, 29]. Knorr [30] discovered that chitosan was an effective 
agent for flocculation of suspended solids from various food processing wastes. Gyliene, et 
al. (2002) and Ngah and Isa (1998), [19, 21] stated that chitosan could be effective adsorbent 
for collection of Cu(II) ions from aqueous solution. Huang et al. (1996) [31] stated that 
chitosan could be a potent coagulant for source water having medium and low turbidity. 
Since chitin is the second most abundant biopolymer, the application in flocculation not only 
avoids the health threat from alum treatment, but also allows recycling of a large amount of 
crab shells. But the use of chitosan is limited because of its insolubility in neutral water. Due 
to the presence of amino groups on chitosan backbone the material is soluble in dilute acid 
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solution and opens some of the interesting application of chitosan like as flocculant in water 
treatment, as viscosifier etc. 

In its protonated form, chitosan has a high charge density and is very effective in interacting 
with negative charged molecules. In its neutralized form it produced complexes with metal. 

The potential applications of chitosan can be increased and its chemical and physical 
properties can be improved by grafting various monomers onto chitosan backbone [32-36]. 
Various studies have been reported where vinyl monomers were grafted [37-39] onto 
chitosan backbone to evaluate its flocculation and ion exchange properties. 

In the authors’ laboratory, grafting of monomers onto polysaccharide backbone has been 
carried out with the help of ceric ammonium nitrate (CAN). CAN is a redox ion initiator and 
generates active radical sites onto polysaccharide backbone. 

In the recent study PAM has been grafted onto chitosan backbone using the ceric ion initiated 
polymerization technique. 

More investigations are carried out by hydrolysis of this grafted copolymer with alkali with a 
view that on hydrolysis, the grafted product will become more straightened and at the same 
time it will remain flexible enough, so that they show better flocculation property. 

CHPTAC (3 chloro 2 hydroxyl propyl trimethyl ammonium chloride) was grafted onto 
chitosan backbone to increase its cationic characteristics. Characterization and flocculation 
studies of these copolymers were also studied. In all these above cases, best flocculants 
grades were found. The aim was to study the flocculation efficiency of these cationized 
products. 

To the best of the author’s knowledge, the synthesis, characterization and flocculation study 
was not reported so far. 
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1.2 PLAN OF WORK 

The plans of our present work are as follows: 

1 . To synthesize a series of graft copolymers based on chitosan and PAM by using ceric 
ammonium nitrate (CAN) as initiator. By changing the amount of the monomer as 
well as the ceric ion in the reaction chamber, different grades of copolymers with 
variation in the number and length of the PAM chains were obtained. The aim was to 
investigate the variation in the number and length of the PAM chain onto chitosan 
backbone on their flocculation characteristics. 

2. To purify these graft copolymers Soxhlet extraction method was applied to remove 
even the trace amount of PAM homopolymer in the graft copolymer. 

3. To characterize the graft copolymers, various characterization techniques such as 
elemental analysis, viscometry, IR spectroscopy, SEM, thermal and XRD were used. 
These techniques directly and indirectly prove the grafting of PAM onto chitosan 
backbone. 

4. To study the flocculation characteristics of the grafted copolymers in four different 
synthetic effluents, such as kaolin, iron ore, silica and bentonite suspensions. The 
results were compared to find the best performing graft copolymer. 

5. To prepare partially hydrolyzed grafted chitosan by NaOH treatment. The aim in both 
of these cases was to find the optimal condition for effective flocculation. 

6. To characterize the partially hydrolyzed grafted copolymer, elemental analysis, IR- 
spectroscopy, SEM, thermal analysis and XRD were performed. 

7. To synthesize a series of cationic graft copolymers CHPTAC monomer was grafted 
onto chitosan backbone. 

8. The CHPTAC grafted products were also characterized by IR spectroscopy, elemental 
analysis, SEM, thermal analysis and XRD studies. 

9. The flocculation characteristics of all the CHPTAC grafted chitosan copolymers were 
investigated. The best performing grade was also determined. 
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1.3 OVERVIEW 

Chapter-! is the introduction of this thesis. Water is very much essential for the survival of 
any industry. To meet the need it is important to treat the waste-water, particularly the 
municipal sewage, sludge, slime and industrial effluents. These effluents are highly 
undesirable and unsafe to use. This chapter describes the plan to synthesize a new type of 
polymeric material based on chitosan which could be used as effective flocculant to remove 
these contaminants from waste-water. 

Chapter-!! presents the !iterature review of the thesis. It provides the physiochemical 
properties of chitin and chitosan. This chapter gives the details of the different types of 
physical and chemical methods for graft copolymerization on to the backbone of 
polysaccharides. This chapter also gives the details of the different kinds of flocculants and 
their flocculation mechanism. Chapter-!! also describes the flocculation mechanism of 
partially hydrolyzed graft copolymers and cationized copolymers. 

Chapter-!!! is confined to the details on the synthesis of polyacrylamide (PAM) grafted 
chitosan copolymer. The grafting was done by ceric ion initiation technique. This chapter 
also gives the details of the synthesis parameters. The PAM grafted chitosan copolymers 
were characterized by different materials characterization techniques, namely, elemental 
analysis, viscometry, !R-spectroscopy, thermal analysis (DSC, TG, and DTG), SEM and 
XRD analysis. 

Chapter-!V compares the flocculation behaviour of all the grades of PAM grafted chitosan 
copolymers and as well as the ungrafted chitosan in aqueous suspension of four particles, 
namely: kaolin, iron ore, silica and bentonite. The best performing flocculant was identified. 

In Chapter-V, the best flocculant (among the PAM grafted chitosan copolymers) was 
partially hydrolyzed by alkali. The details of the synthesis parameters are given , in this 
chapter. A series of partially hydrolyzed graft copolymers were synthesized. They were 
characterized by similar material characterization techniques described above. The 
flocculation characteristics of all the grades were compared and the best flocculation 
performing grade was identified. 

In Chapter-Vl, a series of cationized chitosan have been synthesized by grafting a cationic 
monomer N-(3-chloro-2-hydroxy propyl) trimethyi ammonium chloride (CHPTAC) onto the 
backbone of chitosan. The details of the synthesis parameters are given in this chapter. These 
cationized copolymers were characterized by various material characterization techniques 
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described above. The flocculation performance of all the grades was compared and the best 
performing grade was identified. 

Chapter -Vll concludes the successful synthesis of unhydrolyzed, hydrolyzed and cationized 
products. It also comments on the feasibility of the above mentioned grades as flocculant. 
The future scope of this work is also given in this chapter. 
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2.1 INTRODUCTION TO CHITOSAN 

Chitosan is a natural carbohydrate biopolymer derived from chitin. The main sources of 
chitin are the exoskeletons of various crustaceans, principally crab and shrimp. Chitosan is 
also prepared from squid pens. Squid pen chitosan is synthesized form p-chitin (amine group 
aligned with the -OH and -CH 2 OH groups) and crustacean exoskeleton chitosan is 
synthesized from a-chitin (anti parallel chain alignment) [40]. Raw chitin is closely 
associated with proteins, inorganic materials (mainly CaCOa), pigments and lipids that make 
it yellowish in colour. Various procedures have been adopted to remove these impurities. 
Demineralization is most frequently carried out by treatment with HCl and deproteinisation 
by treatment with strong NaOH. The use of enzymes for protein removal has been examined 
by a number of workers [41,42] suggested the use of enzymes such as pepsin or trypsin if the 
chitin is required to be as fully N-acetylated as possible but no experimental details were 
found. The choice of processing conditions may be governed to some extent by the purpose 
for which the chitin is required. 

The exoskeletons of crustacean contain colouring matter, principally carotenoids which do 
not appear to be complexes either inorganic materials or proteins, since treatments, which 
remove these components, do not remove the carotenoids. However, they may be removed by 
extracting the shell with ethanol or acetone after demineralization. Alternatively, the 
colouring matter may be bleached by the use of KMn 04 or H 2 O 2 [41, 42]. 

2.1.1 Chitosan - a deacetylated form of chitin 

Chitosan is produced from the deacetylation of chitin by the use of alkali. The most 
frequently used alkali is NaOH. The conversion of chitosan from chiton is represented in 
Figure 2.1. The extent of deacetylation is governed by the alkali concentration, temperature, 
and time of reaction, particle size and density. Even 100% deacetylated product can be 
achieved. However this was at the expense of a considerable decrease in solution viscosity 
indicating chain degradation [41]. 

To avoid the chain degradation by alkali, a water miscible solvent such as 2-propanol has 
been used as diluent to ensure ease of stirring [43]. 2-propanol helps to distribute alkali in the 
reaction mixture. 
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Figure 2.1 Deacetylation of chitin by alkali 

2.1.2 Physiochemical Characteristics of Chitosan 

2. 1.2.1 Degree of N-acetvlation 

Chitosan is characierized by either the degree of aceytylation (DA), which corresponds to the 
N-acetylamine groups, or the degree of deacetylation (DDA) [DDA= 1000-DA], which 
corresponds to the D-glcosamine groups. 

The degree of acet\ lation has an influence on all the physicochemical properties (molecular 
weight, viscosity, solubility, etc) so; it is one of the most important parameters. Practical 
grade chitosan from crab shells has a minimum of 85% deacetylation and a viscosity greater 
than 200 cps (in 1 % acetic acid solution). 

2. 1.2.2 SolubililN 

Chitosan is insclubie in neutral water. It is soluble in dilute acetic acid, HCl, HI, ITNOs 
,HC104 and H3PO4. It is not soluble in dilute H2SO4. It should be noted here that the solubility 
of chitosan depends upon its dissociation and the method of deacetyiation used. Chitosans 
primary amino groups have pKa's of about 6.3. Below the pKa, the amino groups are 
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protonated making chitosan a water-soluble cationic polyelectrolyte. Above the pK;,, 
chitosan’s amino groups are unprotonated. 

Interestingly, the pH responsive solubility of chitosan allows to be modified under either 
heterogeneous or homogeneous conditions. For instance chitosan can be cast into insoluble 
films at neutral pH. 

2.1.2.3 Crs'stallinitv 

Ogawa et al. [44, 45] examined the three soluble forms of chitosan. The hydrated crystalline, 
forms show a strong reflection at an angle (20) of 1 0.4 degrees and other peaks at 20 and 22 
degrees. The hydrated crystalline form shows a strong peak at 15 degree and another 
supplementary peak at 20 degree. 

Piron et al. [46] reported that the dissolution of chitosan involves the progressive 
disappearance of the peak at 22 degree. Kurita et al. [47] observed that in nonaoyl substituted 
chitosan, the value of crystallinity decreases at lower substitution level while it increases at 
higher substitution level. Guibal et al. [48] stated that the sorption capacity molybdate 
depends not only on the degree of deacetylation of chitosan but also on the value of 
crystallinity. The most sorbents are characterized by higher crystallinity index. 

2.1.3 Industrial Production 

According to the most recent OPD Chemical Buyers Dictionary [49], chitosan is now 
manufactured or distributed by 45 companies; these are AIDP, Inc., ALFA Chem, AllChem 
Industries, Inc., Americal Ingredients, Inc., American International Chemical Inc., Arrow 
Chemical Inc., Ashland Chemical Company, Fine Ingredients Division, Beckmann 
Chemikaline KG, Belmont Chemicals Inc., Biopolymer Engineering, Buckton Scott USA, 
Inc., CPB International, Inc., Chemical Industries Services, Inc., Chugai Boyeki (America) 
Corp., Citi USA, Continental Trading, Co., DCV Bionutitionals, DNP international Co., Inc., 
FabriChem, Inc., G.C.I. Nutrients, H & A Industrial Inc., IRMA Corp., Infinity Marketing 
Group, Inc., JC company, Inc., K3 Corp., Kaltron/Pettibone, M.M.P., Inc., Marcor 
Development Corp., Maypro Industries, Inc., Mini Star International Inc., Pharma Nutrients, 
Pharmline, Inc. Pronova Biopoiymers,Inc., RIA International, Paul Schueller international 
Inc., Schwerzerhall, Inc., Seltzer Chemicals, Inc., Serra international Trading Inc., Stauber 
performance Ingredients, Inc., Stryka Botanies Co., Inc., Tanabe USA Inc., Union carbide 
Corporation. Universal Prevervachem Inc., Vanson Inc., and Wilke International, Inc. 
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2.1.4 Uses of Chitosan 

Many potential products using chitosan have been developed, including flocculating agents 
for waste water treatment, chelating agent for removal of traces of heavy metals form 
aqueous solutions, coatings to improve dying characteristics of glass fibers, wet strength 
additives tor paper, adhesives, photographic and printing applications, thickeners, and fiber 
and films [50]. 

From the literature survey it is found that between 1976 and 1999, a stunning 2064 patents 
involving chitosan were approved by the US Patent and Trademark Officer [51]. Some novel 
applications involving chitosan includes biodegradable fish hooks and surgical sutures, 
coated papers and transparencies for inkjet ink, biodegradable implants and vascular 
prostheses, and low-fat whipping cream and ice cream. 

Chitosan is used as an excipient for oral drag formulations, primarily as a diluent. Chitosan is 
also being evaluated as a potential vehicle for orally administrated control release drugs. 
Chitosan has also been evaluated for the manufacture of ocular bandage lenses and 
biodegradable surgical implants [52]. 

Cosmetic applications based upon chitosan derivatives are suitable for treatment of hair and 
skin. They can be provided as hair washes, body washes, colouring shampoos, hair dressing 
creams, hair tonics, blow-dry lotions, hair setting lotions, hair conditioners, agents for 
permanent hair deformation, and as Cosmetic agents for the care, protection, or cleaning of 
skin. 

Chitosan has several agricultural uses. It acts as a preservative and coating for biofungicide 
when sprayed on fresh fruits and vegetables. Chitosan fertilizers increase the number of 
useful soil microorganism and decrease harmful ones. Plant seeds are soaked in chitosan 
solution to prevent microbial infections and increase plant production. 
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2.2 GRAFT COPOLYMERS 

Polymers have their unique properties. But all the polymers in one or another way are 
lacking some of the properties. So, to get a polymer with the properties we need, modification 
is needed. One of the most common methods of modification is copolymerisation. For our 
own need graft copolymerisation is used in this study. The graft copolymers of 
polysaccharides are of additional interest for their potential use as viscosifers and flocculants 
for treatment of mining and wastewater. The method of graft copolymerisation has been 
utilizing as a special technique in the recent years [53] for modifying the physical and 
chemical nature of natural and synthetic polymers. A graft copolymer is consisting of primary 
backbone chain to which side chains containing different atomic constituents are attached at 
various points. A simple structure of graft copolymer is represented in Figure 2.2. The 
sequential arrangement of the monomer unit A is referred to as the main chain or the 
backbone. The sequence of B units is the side chain or graft. 

B 

I 

B 

I 

B 

I 

A-A-A-A-A-A-A-A-A-A-A-A-A 

B 

1 

B 
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B 

Figure 2.2 Structure of graft copolymer 

Both the backbone and the side chain polymer can be homopolymes or copolymers. Among 
the various polymers onto which grafting can been done, polysaccharide based polymers are 
most interesting and promising. It is because they are abundance in nature and cheap in cost. 
The actual properties of the graft copolymer will vary according to the number and length of 
the grafted side chains. Therefore, it is most important to control the graft frequency and graft 
segment length in order to activate desired characteristics. 
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Numerous methods have been developed to initiate the graft copolymerisation. They are 
classified into three categories: (i) free radical (ii) ionic (iii) condensation and ring opening 
polymerization. Because of the practicability free radical polymerization reaction got the 
most importance among the all. Duke et al. [54, 55] provide evidence for the formation of 
vinyl monomer grafting on 1, 2-diol substituted groups through ceric ion initiation. Mino and 
Kaizerman [56] showed that the free radicals formed during the disproportionation of these 
complexes could initiate vinyl polymerization. A vast quantity of research work has since 
been directed towards ceric ion initiated graft copolymerization of vinyl monomers onto 
suitable substrates containing 1, 2-diol groups: the polysaccharides being the majority of 
them. 

2.3 SYNTHESIS OF POLYSACCHARIDE BASED 
GRAFT COPOLYMERS 

The graft copolymers based on polysaccharides have been synthesizing by generating free 
radical sites on the backbone of the polysaccharides and allowing these radicals to act as 
micro-initiators. Generally two types of reaction methods have been proposed for the 
initiation of free radicals on the polysaccharide sites. These are chemical -initiation and 
initiation by irradiation. In some cases free radicals are developed by mastication of the 
polysaccharides. It is assumed that mastication will rupture the backbone and produce free 
radicals. 

2.3.1Chemical Initiation 
2.3. 1.1 Initiation by Ceric ion 

For graft copolymerisation of polysaccharides ceric ion initiation method is most widely used 
[57-59]. The common ceric ion initiators are ceric ammonium nitrate (CAN) and ceric 
ammonium sulfate (CAS). CAN is best used for low temperature reactions. At higher 
temperature CAN become unstable and dissociates [60]. However, at elevated temperature 
CAS is found most efficient. Many more methods have been proposed [54, 55] for the 
generation of free radicals by oxidation of 1, 2-diols with ceric ions. Mino and Kaizerman 
[56] have introduced for the first time the formation of graft and block copolymers on these 
reaction sites. The mechanism by which Ce(IV) ion generates free radicals are believes to be 
involving in the formation a complex between the hydroxyl group of the polysaccharide and 
the oxidant. The complex so formed disproportionate forming free radicals on the backbone 
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of the polysaccharides. Several investigations proposed the formation of complex between 
cellulose and Ce(lV) ions [61-69], It has been observed from the study of model compounds 
that the ceric ion oxidation takes place most probably at C 2 -C_i glycol units of polysaccharides 
and at C 5 hydroxyl groups [70, 71]. Muhammad and Rao [72] suggested a mechanism for the 
direct oxidation in sulfuric acid. Hinz and Jonson [71] have pointed out that the oxidation 
process proceeds through an intermediate complex formation when the equilibrium constant 
for the complex formation is small. The complex formed in between Ce(IV) and 1,2-glycols 
may be either a chelated or an acrylic species. However, the oxidation of monohydric 
alcohols, which does not form complex shows larger value of equilibrium constant. This 
concludes that the intermediate formation of coordinated complex proceeds through a chelate 
formation and this will also minimizes the involvement of hydroxyl group at 6 -position. 

On the basis of this complex forming mechanism, following mechanism has been proposed 
for Ce(IV) ion initiation graft copolymerisation [56,73]. The schematic mechanism is 
described in Figure 2.3. 

The mechanism also supports the grafting of poly [N, N-dimethyl-N-methacryloxyethyl-N- 
(3-sulfopropyI) ammonium] onto chitosan by ceric ion initiation [74]. 



Free radical Fonnalion 



CH2=CH 

NH2"“i=0 

Acr^amide 



Initiation 


Figure 2.3 Schematic representation of ceric ion initiated graft copolymerisation 
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2. 3.1. 2 Initiation by Trivalent Manganese 

Singh et al. [75] and Duke; F.R. [76] have developed a method for graft copolymerisation by 
using manganic sulfate - sulfuric acid system as a source of Mn^^ ion. This reaction involves 
in electron transfer via free radical formation. As Mn^^ is unstable at lower acid medium, a 
phosphate complex is being used to serve the purpose [77-80]. 

2.3.1.3 Initiated by Hydrogen Peroxide / Fe^'^ System (Fenton’s Reagent) 

Hydrogen peroxide-Fe^"^ system, commonly known as Fenton’s reagent can be used for the 
graft copolymerisation. This reaction also involves in the free radical formation. Brockway 
and Moser [81, 82] have studied the grafting of MMA onto starch by using this hydrogen 
peroxide -ferrous sulfate system. Uri [83] has used bisulfate reducing agent instead of ferrous 
ion. Brockway and Mehrotra et al. [84, 85] have studied the similar system with ascorbic 
acid. 

2.3.1.4 Initiation by Cu (II) ions 

Imato et al. [86, 87] have studied the grafting of MMA onto the backbone of starch by Cu(II) 
ion initiation process. According to Imato [88], this reaction proceeds through the 
hydrophobic ends in aqueous phase. 

2.3.1.5 Initiation by Chromium (VI) ions 

Many scientists have studied graft copolymerjsation onto polysaccharide backbone with 
Cr(VI) ion as an initiator. Nayek et al. [89, 90] used Cr(VI) ions for graft copolymerisation as 
well as for homopolymerisation [91]. Mishra et al. [92, 93] reported the feasibility of Cr(VI) 
ions to induce graft copolymerisation of MMA onto cellulose. 

2.3.1.6 Initiation bv Vanadium [VI ions 

Lenka et al. [94] carried out graft copolymerisation of MMA onto the backbone of cellulose 
by vanadium ion initiation process. They observed that the increase of ion concentration 
upto 0.0025 mole/liter increases the grafting yield and with further increase of the initiator 
concentration, the grafting yield decreases. Mohanty et al. [95] have reported the grafting of 
MMA onto jute fibers using redox system consisting vanadium (V) ion. 
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2.3. 1.7 Initiation by Xanthate process 

The Xanthate initiation process has got some e\; aordinary advantages over the processes 
discussed so far for the grafting of monomers oni > the backbone of polysaccharide. In this 
process the initiating species formed onto the pol> accharide backbone. Also, in this process 
the formation of homopolymer is minimum, whie, on the other hand increases the grafting 
efficiency. The method does not require any incil atmosphere. The study of Dimov and 
Pavlov [96] was unique among the various mctl.ods of xanthate initiation process. They 
found low percentage of homopolymer formation ii! the grafting reaction of acrylonitrile with 
cellulose (Cell), especially in the high xanthate coniaining substrates. 

2.3.1.8 Initiation by Azo-Bis-Isobutvro Nitr i le (AIBN) 

The use of AIBN as initiator for grafting of vinyl monomer onto cellulose backbone [97-99] 
and modified cellulose backbone [100] was rep orted. It was believed that the reaction 
proceeds through the formation of macro-radicals resulting from a chain transfer reaction 
between the growing vinyl homopolymer chain arsd the polysaccharide substrate present in 
the polymerisation reaction. It was also reported that the extent of grafting varies significantly 
with the type and amount of solvent used. 

2.3. 1.9 Initiation by Metal Chelats 

The initiation of graft copolymerisation by transition metal chelating process has drawn much 
attention. The initiation species is assumed to be iigand radicals formed by the homolytic 
cleavage of the metal-oxygen bond of metal acet; lacetonates. At the same time the formal 
valence of the metal is reduced by one. This was confirmed by spectral and ESR studies. 
Kasting et a!. [101] reported the copolymerisation oi'MMA by Mn(ac.ac) 3 X compounds (X is 
halogen). Tripathy et al. [102] reported grafting of MMA onto cellulose using acetylacetonato 
manganese (III) complex. 

2.3.2 Initiation by Irradiation 

Studies showed that the free radical formation onin polysaccharide backbone not only done 
by chemical initiation but also by irradiation. ITci: radical formation onto starch backbone 
was reported through ^"Co and electron beam irradiation [103,104]. Two techniques were 
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generally used for graft copolymerisation, the simultaneous irradiation and pre irradiation. In 
simultaneous irradiation mixture of starch and monomer were irradiated together, whereas in 
pre irradiation, starch is irradiate first alone and the activated starch is allowed to react with 
the monomer. The percentage of homopolymer formation is less in pre irradiation technique. 
The advantages of simultaneous technique over pre irradiation one is the possibility of short- 
lived free radical reaction of the monomer with irradiated starch and the absence of the 
formation of homopolymer during the irradiation step. Some photosensitisers have been used 
in radical irradiation process. For example, anthraquinone [105] has been used for grafting 
monomers onto cellulose. CAN [106] have been used for UV radiation induced graft 
copolymerisation of styrene and acrylonitrile onto cotton cellulose. Recently photo irradiated 
graft copolymerisation of polyacrylamide onto cellulose was reported using a novel photo 
system [107]. Morita et al. [108] have reported the photo induced graft copolymerisation of 
vinyl monomers onto deoxy chitin. 

2.3.3 Initiation by Mastication 

Free radicals onto starch have been created by mechanochemical means such as mastication, 
ball milling and freezing of the starch dispersions. When starch is subjected to shear force, 
the starch molecules are broken apart producing free radical sites at the broken points. If such 
application of shear is done in the presence^ of monomers, copolymerisation is initiated and 
block copolymers are formed, attached to the starch at the site of free radical formation. 
Mixture of starch with methyl methacrylate, styrene, vinyl acetate and acrylonitrile result in 
grafting [109]. 

2.4 PROOF OF GRAFTYING 
2.4.1 IR-spectra of Graft Copolymers 

Among the various methods studied by polymer chemists, IR has served as one of the most 
important technique for proof of grafting. The IR spectra of grafted branches (isolated after 
depolymerisatipn of starch) of polyacrylonitrile (PAN) and PAM [110], all showed bands due 
to carbohydrate end groups. The carbohydrate end groups on PAN have also been 
benzoylated and the resulting benzoyl groups have been detected by both IR and UV 
spectroscopy [111]. Under conditions that lead to poor grafting efficiency, selective solvent 
extraction of crude reaction products with a good solvent easily removes the ungrafted 
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homopolymers of polyacrylonitrile [111,112], The ungrafted starch could be removed by 
water extraction. The inability to achieve such separation with other polymers thus provides 
evidence for chemical bonding between starch and the acrylic content. 


2.4.2 Molecular Weight of Grafted Chains 

If quality control standard are sought for properly characterized grafted polysaccharides, 
especially for use in speciality applications, a reliable method of molecular weight 
determination is desirable. 

More recently. Size Exclusion Chromatography (SEC), also known as Gel Permeation 
Chromatography (GPC) or Gel Filtration Chromatography (GFC) has been applied to the 
study of molecular weight and molecular weight distribution of synthetic polymers and 
biopolymers. 

The most commonly used method for molecular weight determination is intrinsic viscosity 
[q] measurement using Mark-Houwink relationship: 

[q] = KM“ 

Where ‘K’ and ‘a’ are constants for a particular polymer /solvent/tem'perature system. For 
instance; for polyacrylamide [113-115], 

[q] = 6.8x 10-\Mn)®“ 

[q] = 6.31 X 10'^(Mw)°“ 

For polyacrylonitrile [111], 

[q] = 3.92 X 10"'(Mn)® ’^ 

For poly(vinyl alcohol) [116], 

[q] = 0.96x IQ-^CMn)®-^® 

For CMC [117,118], 

[q] = 5.36 X 10"*(Mw)°” 

For chitosan [23, 24, 25], 

[q] = 5.48 xlO"^ (M)®”^ when ionic strength is O.Ol(M) 

[q] = 2.04 X 10'^ (M)° ^^' when ionic strength is 0.03(M) 

Here, Mn is the number average molecular weight. 

Mw is the weight average m.olecular weight. 

M is the viscosity' average molecular weight. 


21 


Chapter- II 


2.4.3 Calculation of Grafting Parameters 

Various grafting parameters can be calculated by using the following equations. 

1. % of'Graft Level [1 19] (Pg) = (Weight of the Polymer / Weight of the 
Polysaccharide) X 100 

2. Rale of Grafting [119] (Rg) = [(Weight of Graft polymer) 

X 1 000/ {(Molecular Weight of Graft Polymer) x (Reaction Time) x 
(Reaction Volume)}] 

3. Frequency of Grafting [119] (Fg) = [{(Weight of Graft Polymer) x 
(Molecular Weight of AGU) x 10'*}/ (Molecular Weight of 
Grafted Polymer)] 

4. % of Conversion [120] = [{Weight Product - Weight of 
Polysaccharide)/ (Weight of Monomer) x 100] 

5 . % Add-on [120] = [(Weight of Pure Copolymer - Weight of 
Polysaccharide )/Weight of Pure Copolymer)] x 100 

6. % of Polymer Grafted [120] = [(Weight of grafted Polymer)/(Weight of 
Grafted Polymer -f-Weight of Ungrafted Polymer)] x 100 

7. Grafting Frequency (AGU/Graft;)[121] = [{(%Add-on)/Weight of AGU}] / 
(%Add-on / Molecular Weight Grafted) 

8. Rates of Homopolymerisation [121](Rh) = [(Weight Of Homopolymer x 1000) / 
(Mw of Monomer x Reaction Time (sec) x Reaction Volume (ml)] 

9. Rate of Total polymerization [121](Rp) = (Rg + Rh) 
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2.5 PARTICLE INTERACTION STUDIES 

I he lollowing definitions are used in this thesis to make the sedimentation process clear. 
COLLISION is refers to as a procedure in which two particles in a suspension interact so 
closely that their behaviour affects each other. When two particles are closed enough in a 
suspension, hydrodynamic interaction influence their behaviour at substantial separation 
distance due to the flow of water around the settling particles. 

The effects of interparticle distance on sedimentation behaviour are significant even when 
settling particles are not closed enough to form an aggregate. The term AGGREGATION is 
referred to as a group of fine particles held together. Aggregation is called COAGULATION 
when it is induced by simple electrolytes. It is called FLOCCULATION when it is induced 
by high molecular weight polymers or by organic surfactants. When it is induced by non- 
polar liquid in aqueous suspension it is referred as AGGLOMERATION. 

Stoke described that the effect of interparticles at reasonable greater distance is positive. He 
illustrated that this effect are applicable at several size ratio. Qualitatively the effect on larger 
particles is small, but the effect on smaller particles is quite large. 

For a non-porous, rigid, isolated particle falling under the action of a uniform gravitational 
field through an incompressible, continuous fluid of infinite extent, the sum of all the forces 
acting on the particle can be express as: 

^ F~Fgravity F buency F jrag [MLt ] 

Here, Fgraviiy is the weight of the particle. Fbuency is the weight of volume of fluid displaced 
by the particle and F^rag is the friction force developed by the movement of the particle in the 
fluid. 

When the settling particle is not isolated in the fluid but surrounded by a significant 
concentration of other particles (more than 0.1% by voL), its terminal velocity is affected by 
several effects. Changes in fluid density and viscosity are observed, since it is now a 
suspension. Closeness of particles gives rise to dragging of smaller particles by a larger one. 

Studies showed that the properties of the suspended particles also influenced the 
sedimentation process [122-124]. Studies of many different mineral water systems over the 
years have established that the characteristics properties of the suspended slurry, such as 
particle charge [125.126], particle size distribution [127], and particle shape [128-130]; 
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suspended slurry concentration [131], liquid surface tension [132] and particle 
hydrophobicity [133] can all influence the flocculation process. 

2.6 COAGULATION AND FLOCCULATION 


It is evident from the study [127] that settling velocities will be minimal in most of biological 
suspension, unless some procedure for increasing particle size or density or decreasing fluid 
density or viscosity is applied. All these effects can be achieved by coagulation and 
flocculation. Both these techniques are currently used. Particle aggregation not only markedly 
increases medium solids size but also removes them from the bulk liquid leading to 
significant improvement of rheological properties. 

In any case flocculation characteristics are always significantly different from those of rigid 
particles of equal size and density. Brown et al. [134] proposed a correction to calculate 
terminal settling velocities to account for both the concentration effect and that of the liquid 
carried by the particles. 


F 


corrected 


=V‘ 




1-C 


l+t3 


Here V is the velocity, C is the volume fraction of solids in the suspension and small a is the 
volume of liquid retained by the solid per unit of solid (both variables dimension less). The 
value of a ranges from zero (solid particle) to above unity for highly porous floes. 


2.6.1 Coagulation 

In colloidal suspensions the major repulsive forces result from electrically charged particle 
surfaces, while the main attractive forces are of the Van der Walls type. Surface charges 
create a layer of electrostatic potential gradient around each particle, which tends to prevent 
them from approaching one another. The thickness of this layer can be reduced by increasing 
ionic strength in the liquid, through the addition of electrolytes. In this way, allowable inter 
particle distances fall to the point where attractive forces dominate and coagulation occurs. 
This mechanism is called double layer compression. The double layer mechanism has been 
discussed later in great details. 

Particle charge neutralization by adding counter ions is a common coagulation process. The 
most effective ionic species are the ones with multiple unit charges, such as Fe^"^ and 
Ca^"^; used in their sulfate, chloride and oxide or hydroxide forms, respectively. In 
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determining dosages and other particle parameters for the employment of such coagulants, 
several points must be under taken. As electrostatic interaction is the basis of the method, 
counter ion over dosage leads to particle charge reversal and reforming of the colloidal 
suspension. A good part of the coagulation effect often result from the precipitation of 
counter ion hydro.xides, which then adsorb to particle surfaces. The solubility and net 
precipitate charge ot these hydroxides are markedly pH and alkalinity dependent. Control of 
these two parameters is therefore, necessary. Initial suspension concentration is also 
important variable. Its increase normally leading to low optimum coagulant concentration. 
Here it should be noted that the metal hydroxides forms short polymer chain, which enhance 
microfloc formation. 

2.6.2 Flocculation 

Flocculation of fine particle suspensions using high molecular weight polymer flocculants is 
an important step for solid-liquid separation in many mineral processing, hydrometallurgical 
operations, wastewater treatment process etc. Inspite of tlie significant improvement made in 
recent years, the understanding of the mechanism of flocculation is far from complete. 
Several factors affecting the particles, reagents, and medium influence flocculation process 
[135-150]. It is well documented in the literature that polymer-induced flocculation of 
particulate separations involves many steps, namely mixing of polymer molecule among the 
particles; adsorption of the polymer chains on the particles; rearrangements of the adsorbed 
chains; collision between polymer-adsorbed particles; and the floe formation and also break 
up of floes [151-153]. 

The process of flocculation primarily involves two basic steps (i) transport of particle to the 
closest distance of approach of another particle leading to collision, and (ii) adhesion of the 
particles resulting in aggregation. 

Other factors related to the success of the flocculation process are the surface chemistry of 
particles as well as on the ionic nature, molecular weight, and charge density and bulk 
properties of the flocculants in solution. But as it is said above, the most important influence 
affecting the extent and mechanism of flocculation is the nature of the adsorption of the 
polymer on the particle surface and the conformation of the adsorbed polymer. 

The flocculation process has been described [151] by three characteristic time scales: ta 
(polymer adsorption), t,- (rearrangement of the adsorbed polymer) and tc (particle collision). 
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While the polymer recon formation time (4) may depend on the chemistry of the polymer and 
the characteristics ol the particle and medium; ta and can be well estimated using the 
classical second-order reaction kinetics [152,154-156]. There are some other literatures too 
[153,154] showing that the order of coagulation/flocculation process is mostly bimolecular. 
Based on Smoluchowski’s classical equation [157-159], 

2 

Here, N i = concentration of singlets at time t. No = concentration of the singlet at t =0 and k = 
rate constant for collisions between the singlets; a plot of (Nt/No)*'*^ against t should give a 
straight line with an intercept of 1 for a bimolecular process. Here it is assumed that the 
portion of particles, which did not flocculate, is a singlet. 

It is also been established form theoretical calculations and experimentation that flocculation 
does not require high or complete coverage of the particle surface by the polymer. An ideal 
flocculant is one, which is able to neutralize a part of the surface charge responsible for 
repulsion, and adsorb with loops and tails extending into solution for bridging with other 
particles. La Mer and Healy [160], Hogg [161], Deason [162] and many others proposed that 
not all the collisions of particles are effective in producing flocculation and have related the 
collision factor (E) to the fractional surface coverage (0) by polymer. The selection of 
flocculants depends upon the requirements [163], as for example, sedimentation requires 
dense and large floes with regularity in shape (preferably spherical), centrifugation requires 
strong dense and large floes and floe floatation requires low-density flow with narrow size 
distribution [164]. 

2.6.3 Stability of Colloids 

Particles suspended in an aqueous phase constantly encounter each other via the random 
Brownian motion and/or the velocity gradient generally by the applied force field such as 
flowing, agitation, electric and magnetic fields. 

Interaction between the particles occurs as they approach together with the applied fields; 
govern the stability of the colloid and the rate of aggregation. Many types of particle 
interaction have been revealed. Their occurrence and importance to colloids stability depends 
on the characteristics of the depressed particles and the depressing medium. For the colloids 
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stability from the viewpoint of particles dispersion-aggregation technology, the following 
interactions are assumed. 

'y Van dar walls interaction. 

V Electric double layer interaction. 

V Solvation or hydration interaction. 

> Steric interaction, mainly due to the adsorbed polymer layers. 

> Bridging force due to crossover adsorbed polymer molecules. 

> Liquid bridging via spreading of a polar liquid (oil) over the particles. 


2.6.4 Electrical Double Layer 

Colloidal particles are usually contaminated by electrostatic adsorption of ions to the surface. 
This primary adsorption layer gives rise to a substantial surface charge (i.e. electric potential 
at the surface). This surface charge does two important things: (i) causes a repulsion to exist 
between two precipitate particles when they approach each other i.e. fundamentally 
responsible for particles not sticking together and (ii) attracts counter ions into the vicinity of 
the particle [165]. These two opposite forces; electrostatic attraction and ionic diffusion, 
produce a diffuse cloud of ions surrounding the particulate, which can be extended up to 300 
nm into the solution. This co-existence of original charged surface and the neutralizing excess 
of counter ions over co-ions distributed in a diffuse manner are known as the electrical 
double layer [166]. Thus, an "ion cloud" extends into solution around a charged surface 
effectively balancing the surface charge over some distance away from particles. The 
thickness of this electric double layer (ion cloud) around colloidal particles determines how 
close two particles can get to each other before they start experiencing repulsive forces. The 
size of this "ion cloud" depends on several factors: (i) the magnitude of the surface charge 
which depends on the solution concentration of the adsorbing ion, and (ii) the concentration 
of electrolyte in solution. The higher the concentration, the more compact the double layer 
and the closer two particles can approach to each other. The double layer is an electrical 
cloud near the solid surface composed of both a rigid zone, known as the STERN LAYER, 
and a diffuse layer called GOUY-CHAPMAN LAYER. Ions having the opposite charge as 
the solid are immediately attracted to the surface of the solid and attach, forming the Stern 
layer. 
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Figure 2.4 Schematic diagram showing the nature of electrical forces 
around a colloidal particle in blank solution 





Additional ions of the same charge as the Stem layer are also attracted by the oppositely 
charged solid's surface but are simultaneously repelled by the like charges in the Stem layer. 
This dynamic equilibrium results in the formation of a diffuse layer. The diffuse layer is also 
composed of ions with the same sign of charge as the solid with the concentration of these 
ions decreasing vvith distance from the solid. Together the Stem layer and the diffuse layer 
form the double layer, the thickness of the double layer is a function of the pH and ionic 
strength of the solution. The schematic diagram is shown in Figure 2.4. 
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Both the diltuse layer and inner layer have several important impacts on the behaviour of 
particulate surlaces in aqueous medium. The stability of colloidal suspension is greatly 
influenced by the potential of the stern layer. Though the potential cannot be measured 
directly but approximated to the zeta potential representing the electrical potential between 
the surface plane and the bulk solution. According to Deryagin and Landau [167], Verway 
and Overbeek [168], if the kinetic energy of the particle is large enough to surmount the 
potential hump created between them by way of double layer formation, the particles would 
coalesce otherwise they would remain as a stable suspension. This is popularly known as 
DLVO theory. This theory states that stability of a colloidal system is determined by the sum 
of the electrical double layer repulsive and Van der Waals attractive forces which the 
particles experience as they approach one another. The theory also proposes that an energy 
barrier resulting from the repulsive force prevents two particles approaching one another and 
adhering together. But if the particles collide with sufficient energy to overcome that barrier, 
the attractive force will pull them into contact where they adhere strongly and irreversibly 
together. It is well represented in Figure 2.5, 
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Paiiicle Separation 

Figure 2. 5 Schematic diagram showing energy barrier of the colloidal particle 
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2.7 ZETA POTENTIAL 

Almost all particulate or macroscopic materials in contact with a liquid acquire an electronic 
charge on their surfaces. Zeta potential is an important and useful indicator of this charge, 
which can be used to predict and control the stability of colloidal suspensions or emulsions. A 
charged particle dispersed in an ionic medium tends to have a concentration of oppositely 
charged ions attracted towards it, i.e. a negatively charged particle collects a number of 
positive counter ions. Therefore, the concentration of counter ions decreases as we move 
further away from the particle due to diffusion until ionic equilibrium is reached. The plot of 
the charge contributed by these ions versus distance from the particle surface (Figure 2.4) 
reveals an exponential decay. When a particle is moving, it withdraws its counter ions 
towards itself and leaving behind the ions that are further away from its surface. This would 
set up a plane of shear and the potential difference, which is called the zeta potential (Q. 

The greater the zeta potential the more likely the suspension is to be stable because the 
charged particles repel one another and thus overcome the natural tendency to aggregate. The 
measurement of zeta potential is often the key to understanding dispersion and aggregation 
processes in applications as diverse as water purification, ceramic slip casting and the 
formulation of paints, inks and cosmetics. The magnitude of the zeta potential gives an 
indication of the potential stability of the colloidal system. If all the particles in the 
suspension have a large negative or positive zeta potential they will repel each other and there 
will be dispersion stability. Similarly, if the particles have low zeta potential values then there 
would be no force to prevent the particles coming together and there is dispersion instability. 
A dividing line between stable and unstable aqueous dispersions is generally taken at either 
+30 mV or -30 mV. Particles with zeta potentials more positive than + 30 mV are normally 
considered stable, where as particles with zeta potentials more negative than -30 mV are 
normally considered stable. 

The most important factor that affects zeta potential is pH of the suspension. A zeta potential 
value quoted, without a definition of its environment (pH, ionic strength, concentration of any 
additives) is a meaningless number. Suppose a particle with negative zeta potential is in a 
suspension. When more alkali is added to this suspension, the particles tend to acquire more 
negative charge, and on addition of acid to this suspension, a point will be reached where the 
charge will be neutralized. Excess addition of acid will cause a build up of positive charge. In 
general, a zeta potential versus pH curve w ill be positive at low pH and lower or negative at 
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high pi 1 (Figure 2.6). The point at which the curve passes through zero zeta potential is 
called the isoelectric point (lEP). At isoelectric point the colloidal system is least stable. 



Stable 


Stable 



Figure 2.6 Graphical representation of Zeta Potential showing isoelectric point 


2.7.1 Principle of Measuring Zeta Potential 

The zeta potential is a measure of the magnitude of the repulsion or attraction between 
particles. The measurement of zeta potential is an extremely important parameter across a 
wide range of industries including brewing, ceramics, pharmaceuticals, medicine, mineral 
processing and water treatment. Many industries use large quantities of water, which become 
contaminated during the production process. Dewatering is now becoming important as the 
cost of disposal increases. Measurement of zeta potential can be used to optimize the use of 
expensive flocculants and speed up the flocculation process. Zeta potential is measured [169] 
using the technique of micro-electrophoresis, invented by Wane and Flygene and 
independently by Uzgiris in the early. 1970s. However, as per Friend and Kitchener [170], 
zeta potential was calculated using Smouluchowski equation as early as 1903. The sample to 
be measured is immersed in a suitable liquid phase and subjected to the path of a laser beam. 
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A pair ol electrodes should be dipped into the sample. Under the influence of applied electric 
field, the charged particles inside the sample will move towards the electrodes and the 
direction of motion indicates the charge carrying out by the particles, i.e. the positively 
charges particle will move towards the negative electrode and vice-versa. A schematic 
representation of Zeta meter is given in Figure 2.7. 

+ — 
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Figure 2.7 Schematic representation of Zeta meter 

The velocity of the particles per unit electric field, called the electrophoretic mobility (u), can 
be measured by the following equation: 

u=V/E 

Here, V is the particle velocity and E is the applied field strength. 

2.7.2 Significance of the Measured Zeta Potential 

The zeta potential is best seen as the potential at the surface of the 'electrokinetic unit' moving 
through the solution. The electrokinetic entity may well include ions specifically adsorbed 
from the solutions and this will be reflected in the value of zeta potential. Certainly the 
double layer on the solution side of zeta potential will be purely diffused so that zeta potential 
is the relevant potential for all the effects that depend on diffuse layer effects (e.g. inter plate 
repulsion). Calculation of particle charge from zeta potential is also possible [171]. 
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2.8 FLOCCULATION MECHANISMS 

The pcrionnance ol polymer can be examined on the basis of nature of floes formed. It is 
now recognized that several mechanism can be involved in polymer flocculation [172]. These 
are classified as below: 

1. Polymer bridging. 

II. Charge neutralization. 

III. Electrostatic Patch Mechanism. 

IV. Polymer complex formation. 

V. Flocculation by free polymer (depletion flocculation). 

These mechanisms are described in below: 

2.8.1 Polymer Bridging 

Polymer bridging flocculation occurs because segments of a polymer chain gets adsorbed on 
more than one particle surface thus linked the particles together [172,173]. Some favourable 
interaction between polymer segments and particle surface is required for adsorption to occur 
and this can occur in a number of ways. When the particles and polymers are oppositely 
charged (e.g. negative particles and cationic electrolytes) the electrostatic attraction leads to a 
very strong adsorption. When the particles and the polymers have the same sign of charge, or 
when the polymer has no charge as in the case of non ionic polymers, then there must be 
some specific interaction responsible for adsorption. Some of these interactions are discussed 
here. 

• Hydrophobic bonding : This is responsible for the adsorption of non-polar segments on to 
hydrophobic surfaces. 

• Hydrogen bonding : When particle surface and polymer molecules have suitable H- 
bonding sites, adsorption of an appreciable fraction of polymer segments occurs by such 
process. Hydroxyl groups on oxide surfaces can interact in this way with the amide 
groups of polyacrylamide. 

• Dipole crystal field effects : Here the polar group on the polymer may interact with the 
electrostatic field at a crystal surface. 

An effective bridging flocculation required the adsorbed polymer to be extended far enough 
from the particle surface to attach on to other particles and that there is a sufficient free 
surface available for adsorption of these extended chains [174]. If excess molecule is 
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adsorbed, the particles can become reslablised because of surface saturation or by steric 
stabilization. This concept of flocculation by adsorbed polymers is schematically illustrated 
in Figure 2.8. 




‘ Polymer 



Excess polymer 






Figure 2.8 Schematic illustration of (a) bridging flocculation and (b) restabilisation 

of the adsorbed polymer 
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Most solid particles in contact with water become charged and the electrical repulsion 
between them depends on the ionic strength of the solution. At low electrolyte 
concentrations, the electrical double layer around a charged particle can be quite extensive 
(up to about 100 nm) and particles cannot approach closed to each other. For bridging 
flocculation to occur, it does not require reduction of the electrical repulsive forces between 
the particles. However it requires the effective end-to-end distance of polymer be long 
enough and the particle polymer collision be strong enough to penetrate the double layer of 
approaching particles [175]. Thus at low ionic strength, high molecular weight polymers and 
high particle concentration of through mixing are required for better flocculation. 

2.8.1. 1 Synthetic Bridging Polymer 

These are synthetic, water-soluble, organic polymers of very high molecular weight. The 
bridging flocculants are strongly adsorbed onto the particles, and they are capable of 
spanning the gap between the particles. Synthetic polymers of high molecular weight are long 
enough for one end to adsorb onto one particle and the other end onto a second particle. 
Higher molecular weight polymers adsorbs on several particles at once, forming a three- 
dimensional matrix. With bridging polymers in general, the higher the molecular weight the 
better the flocculant. Most synthetic flocculants are based on polyacrylamide and its 
derivatives. For bridging, the polymer must be strongly adsorbed and adsorption can be 
promoted by chemical groups having good adsorption characteristics, e.g. amide groups. 

2.8.1.2 Natural Bridging Polymer 

Natural polymers such as starch, gums, glues, alginates, etc., function as bridging flocculants, 
but they have much lower molecular weight than synthetic polymers and are only capable of 
a much lower degree of flocculation. Polysaccharides such as starch, dextran, etc are effective 

N 

in neutral and slightly alkaline conditions. Organic colloids like glue, gelatin, albumin, 
caseip, chitosan, etc, which consist of aggregates of giant molecules, are effective in acid 
solution. These polymers have several disadvantages, such as the dosages required, unstable 
solutions, variable quality, and loss of floe strength on storage of sedimented slurries. Natural 
polymers are generally non-ionic, but may be rendered slightly anionic or cationic by 
chemical treatment. However, ionic character is of little importance since they have little 
effect on zeta potential and appear to function by hydrogen bonding. 
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2.8.2 Charge Neutralization 

111 many practical applications, the effective flocculants are those having a charge opposite to 
the particles. In water most particles are negatively charged. Hence, it is likely that the 
cationic polymers adsorb with a rather flat configuration, which would limit the possibility of 
bridging. The adsorption of oppositely charged could reduce or eliminate the repulsion and 
cause flocculation simply for this reason. There are considerable evidences that for cationic 
polymers and negative particles, charge neutralization plays a major part in the flocculation 
process. The most direct evidence comes from the measurement of electrophoretic mobility 
(Zeta Potential). With many different types of particles, including clays [176,177], it has been 
reported that the optimum flocculant dosage for cationic polymers correspond quite closely to 
the amount required for giving zero electrophoretic mobility (i.e. to neutralize the particles). 
However there are instances where with the cationic polymers, bridging appears to be 
desirable (when strong floes are required) as in the paper industries and conditioning of waste 
water sludge to enhance their filterability [178]. 

2.8.3 Electrostatic Patch Mechanism 

Although charge neutralization explains the behaviour of cationic polymers in many systems 
of interest, the effect of molecular weight and ionic strength do not fit to this simple picture. 
They can be better explaining by electrostatic patch mode! [172,174]. When the particles 
have a fairly low density of immobilize surface charges and adsorbing polymer has a high 
charge density, it is not physically possible for each charge group on the polymer chain to be 
adjacent to a charge surface site and in this regions of excess charge develop even though the 
particles as a whole may be electrically neutral. Particles having the ‘mosaic’ type of charge 
distribution may interact in this way so that the positive and negative ‘patches’ come in 
contact giving rise to quite strong attachment. A schematic illustration of this type of 
interaction is presented in Figure 2.9. 
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Figure 2.9 Schematic representation of flocculation by electrostatic patch 

mechanism 


2.8.4 Polymer Complex Formation 

In some systems, apart from polymers, there are other components, which are either 
naturally present or deliberately added. They may interact with the polymer to enhance 
flocculation. In such cases, polymer complex formation may occur [179,180]. Complex 
formation and enhanced flocculation can also occur by sequential addition of oppositely 
charged polymers [181]. 

2.8.5 Flocculation by Free Polymers 

In certain systems, flocculation may occur by exclusion of non-adsorbing large polymer 
molecules from the narrov/ zone between closely approaching particles due to geometric 
reasons [182]. This leads to as osmotic pressure difference between the contact zone and the 
bulk solution, which tends to pull the particles together. This is some times called 'Depletion 
Flocculation 
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2.9 FLOCCULATING MATERIALS 

The materials being used as flocculating agents can be broadly divided into two categories; 
inorganic and organic. The organic materials include polymers, which are further classified 
into natural and synthetic. 1 he synthetic polymers may be nonionic, cationic or anionic, while 
most of the natural polymers are nonionic except in few cases. A new class of polymeric 
flocculants has been developed by combining synthetic and natural polymers, known as graft 
copolymers. 

2.9.1 Inorganic Flocculants 

The use of various chemicals [183,184] for coagulation of particles in suspension depends 
upon the characteristics of water being used. The inorganic flocculants are mostly based upon 
hydrolysable salts of aluminium, iron calcium and silicates. They are mostly used in their 
divalent and trivalent water-soluble metallic compounds. The principal materials mostly used 
are described in the following: 

2.9.1.1 Aluminium Compounds 

Dry and liquid alum are generally used for removal of suspended solids. The dry alum so 
used for wastewater treatment has the formula Al2(S04)3,14 H 2 O with molecular weight of 
about 600 dalton. Activated alum contains about 9% sodium silicate, which improves the 
coagulation. Black alum is the alum containing activated carbon. It is more effective in the 
pH range of 5 to 8. The more quantities of sodium silicate in activated alum improve the 
coagulation behaviour in water. It is inexpensive and has high substance removal rate. The 
flocs,^_wjlich are formed by using dry alum, are lightweight and loosely bound. It is known 

Massew**®**®!-. 

that alum formed various polymeric species. They formed short polymeric chains upon 
hydrolysis. These hydrolyzed compounds thus fo.rmed micro floes with suspended materials. 
Their rate of floe formation is controlled by the pH of the medium and presence of other ionic 
species. Alum is not only used in treatment of municipal wastewater but it is also used for 
drinking water treatment and paper industries [185]. The principal disadvantage of alum is 
that it lowers the pH of the medium, which often necessitates addition of base and it leaves 
suitable amount of aluminium in effluent. 
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2.9.1. 1.1 Aluminium Chloride Hydroxide 

It is commonly called poly aluminium chloride or I’AC. PAC is made by partial hydrolysis 
ot aluminium chloride to irom mixture of polymeric species. It is more expensive than alum 
in weight basis. Unlike alum it does not lower the pH of the medium and also cost effective 
in some application. 

2.9.1. 1.2 Sodium Aluminates 

It is made by leaching bauxite with caustic soda. As with alum, the active species are the 
hydrolysis product. It tends to raise the pH of the medium. 

2.9.1.2 Iron Compounds 

Iron compounds possess floe characteristics similar to aluminium sulfate. The cost of iron 
compounds may often be less than that of alum. The iron salts most commonly used as 
coagulants include ferric chloride, ferric sulfate, ferrous sulfate and ferric chloro-sulfate. In 
acidic pH condition, these compounds produce better coagulation than alum. However, the 
corrosiveness and difficulty in dissolution may result in high soluble iron concentration 
hampering the process of effluent treatment. 

In recent years iron salts have replaced aluminium salts particularly in treatment of drinking 
water. 

2.9. 1.3 Calcium Salts 

The principal calcium salt used as a flocculant is calcium hydroxide or lime. It’s use in water 
treatment is declining [186]. It is now used for pH modifier and to precipitate metals as 
insoluble hydroxide. 

2.9.1.4 Sodium Silicates 

It is usually added to slurry as a dispersant. Small amount of sodium silicate is as flocculant. 
The active species of polymeric silicate is formed by hydrolysis. 
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2.9.2 Polymeric Flocculants 

Geneially, water-soluble high molecular weight linear polymers [187-191] are used as 
llocciilants. The cationic and anionic counterparts of these polymers are known as 
polyelectrolytes endowed with many characteristic attributes. Some of the nonionic water- 
soluble polymers at times bear some ionic groups as a result of inadvertent hydrolysis. 

2.9.2. 1 Cationic Polymers 

Water-soluble cationic polymers are a class of polyelectroKles that derive their unique 
properties from the density and distribution of positive charges along the macromolecular 
backbone. Chain conformation and solubility of such flocculants depend on the extent of 
ionization and interaction with water. Cationic functional groups can strongly interact with 
suspended, negatively charged particles or oil droplets and hence are useful in many 
applications, including waste water treatment and paper making process. Water-soluble 
polymers containing cationic charge can be divided into three categories; ammonium 
(including amines), sulphonium and phosphonium quaternaries. 

2.9.2. 1.1 Polyacrylamide-Based Cationic Polymers 

Cationic monomers can be homo or copolymerised with acrylamide to yield water-soluble 
polymers with varying positive charge (1-100%). Cationic monomers are, in general, more 
expensive than acrylamide or anionic acrylic monomers. 

Random copolymers of acrylamide and acryloyloxyethyltrimethyl ammonium chloride, 
quaternisation of dimethyl aminoethyl acrylate with methyl chloride are exclusively used in 
water industry. The methacrylate analogue with variation of cationic content is also 
commercially available. The quaternised aminoacrylate copolymer having charge density 
(CD) of 30 mole % has been used for clay flocculation studies. In copolymers with 
acrylamide, hydrolysis of the ester groups has been investigated and found to be CD and pH 
dependent with hydrolysis increasing under more alkaline conditions. 

Cationic polyacrylamides (PAM) can be prepared by post polymerization functionalization of 
PAM. In a Mannich-type reaction, PAM reacts with formaldehyde forms N-methylol groups. 
These can be treated with a dialkyl amine such as dimethyl amine yielding pendant amine 
groups [192]. Pelton et al [193] describe the synthesis of a model cationic polymer based on 
the Mannich reaction of PAM. Tanaka [194] describes another approach to introduce amine 
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gioiips into I AM b\ i faction with polyamines or by sodium hypochlorite degradation 
(Hoffman reaction). 

Synthesis and chaiacicri/ation oi homo and copolymers of 2-acrylamide-2-methyl propane 
dimethyl ammonium chloride (AMPDAC) with acrylamide have been reported [195]. Redox 
polymerisation ol a quaternary ammonium acrylic monomer with acrylamide has also been 
reported [196], Solbcrg and Wagberg have been reported the adsorption and flocculation 
behaviour of cationie polyacrylamide [197]. Besra et al. [198] have synthesised cationic 
polyacrylamide and used as flocculants. 

One of the cationic s\ stems that have been the subject of some basic research [199,200] is 
poly (diallyl dimethyl ammonium chloride) and its copolymer with acrylamide. The 
monomer is referred as DADMAC or DADAAC. Zemaitaitiene et al. [201] have used the 
polyquaternary ammonium salts poly (diallyl dimethyl ammonium chloride) (poly- 
DADMAC) and poly (vinyl benzyl trimethylammonium chloride) poly (VBTMAC) as 
flocculants for treatment of dye removal from textile waste water. Besra et al. [198] also 
studied the flocculation behaviour of cationic polyacrylamide in presence and absence of 
surfactants. Gill and Herrington [202,203] have also studied the effect of surface charge and 
effect of colloid concentration and pH on kaolin suspension by using cationic polyacrylamide 
as flocculants. Butler and Angelo [199] have established that free radical polymerization of 
DADMAC is intramolecular and involves a cyclization mechanism to produce a five 
membered ring. Potentiality of these polymers as coagulants and flocculants to silica 
suspension is due to high cationicity. High molecular weight copolymers of poly 
(DADMAC) with acrylamide [204,205] have found extensive application in sludge 
conditioning. Lin et al. [206] have made graft copolymers of acrylamide onto poly 
(DADMAC) by first making a copolymer of DADMAC with 1-10 % of acrylic acid and then 
testifying it with 3-chloro-l, 2 propane diol to introduce cis-diol groups, which serve as 
grafting sites in presence of ceric ion. Deng et al. [207] have studied the temperature sensitive 
flocculation characteristics of a copolymer of poly (N-isopropyl acrylamide) and poly 
(DADMAC) with colloidal Ti02. 

Recently it has been observed that the flocculation efficiency of the colloidal suspension 
increases by using oppositely charged polyelectrolytes. Petzold et al. [208] have investigated 
that the flocculation efficiency of the clay suspensions increases by using a dual systems of 
highly charged polycation poly (diallyl dimethyl ammonium chloride) in combination with 
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diiteient higli molecular weight polyanions of polyacrylamide type. The polyanions are 
modified polyacrylamide e.g. poly (acrylamide-co-sodium acrylate). 

2.9.2. 1.2 PolyciiTiincs, Polyiminss ond Poly vinyl pyndines 

four types of cationic monomers are involved in this class: 

P Polyamines that are condensation products of amines and halogenated compounds. 

P Polyamidoamines that result from the formation of a polyamide followed by reaction 
with a halogenated compound (e.g. epichlorohydrin). 

Polyethylene imines made by ring-opening polymerization of aziridine and 
y Polyvinylpyridinium systems. 

• Polyamines 

Polyamines are prepared by step-growth polymerization of polyfunctional amines and alkyl 
halides or bifunctional alkyl epoxides and alkyl epoxide derivatives. These are relatively of 
low molecular weight (< 10^) and have high level of cationicity. Typically in the first case, a 
poly (ethyl amine) is produced by the reaction of ammonia or low molecular weight alkyl 
polyamine with ethylene chloride in the presence of aqueous base. This is sometimes 
followed by the reaction with epichlorohydrin. Reaction variables need to be controlled 
carefully to meet the molecular weight requirements. 

• Polyamidoamines 

Polyamidoamines are produced by the reaction of adipic acid with diethylene triamine, 
yielding a polyamide with secondary amine groups, which further react with epichlorohydrin. 
The pendent epoxide group may react with the secondary amine group of another polymer 
chain resulting in cross-linking. This must be controlled to render the polymer water-soluble. 

• Poly (ethylene imine) (PEI) 

Poly (ethylene imine) is a special type of cationic polymer produced commercially from 
ethylene amine (aziridine) in an aqueous medium by ring-opening polymerization using CO 2 , 
a mineral acid or ethylene dichloride as initiator. This product (PEI or polyaziridine) is highly 
branched with primary, secondary and tertiary amine groups. PEI has been used in a number 
of model investigations of flocculation [209]. 
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• Poly (2-vinvl pyridine) and Poly (4-vinvl pyridine^ 

I hese can be prepared by conventional free radical techniques. The polymers are quaternized 
with alkyl derivatives to form strong polyelectrolytes in solution. Cardoso et al. [210] have 
studied the ilocciilation characteristics with bentonite clay suspension of N— oxide type 
zwitterionic polymeric flocculant derived from isomers of poly (vinyl pyridine) and poly (N, 

N - dimethylaminoethyl methacrylate) by oxidation. The resulting polymers have high water 
solubility, chemical stability and ability of chain expansion with increased ionic strength, a 
property highly desirable in the process of flocculation by polymers. Asanov et al. [211] have 
studied the flocculation characteristics of an aqueous suspension of bentonite with a water- 
soluble polyelectrolyte based on 2-methyl-5-vinyl pyridine, methacrylic acid and its amides 
to show that the presence of functional groups like amines and amides strengthen the 
flocculation attributes. 

2.9.2.2 Anionic Polymers 

In anionic flocculants, 1-100 % of the monomer units contribute to the charge and the 
molecular weight tends to be very high or very high range. Although several types of anionic 
sites are possible, the major type in commercial flocculants is the polymer having carboxylate 
ions. 

2. 9.2.2. 1 Polymers containing Carboxyl Groups 

High molecular weight PAM based carboxylic acid polymers are extensively used as 
flocculating agents in the water and various process industries, where a low charge density is 
the general rule. Homo poly (acrylic acid), poly (acrylic acid-co-acrylamide) and hydrolyzed 
PAM dominate the anionic flocculant market; where as hydrolyzed PAN has been found to 
be playing a less important role. 

2.9.2.2.2 Poly (acrylic acid) and its salts 

Anionic poly (acrylic acid) can be synthesised by direct polymerisation or through 
hydrolysis. In direct method, salts of acrylic acid are homopolymerised or oopolymerised by 

• free-radical initiation in aqueous media. Usually the rate of polymerisation in case of ionic 
monomer is slower than the corresponding nonionic monomer, owing to the charge repulsion 
between the growing chains as well as the incoming monomer. The advantages of direct 
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polymerisation are because of the non-volatility of acrylic acid salts, which allows 
simultaneous polymerisation and spray drying leading to high molecular weight polymers. 

Anionic poly (acrylic acid) can also be prepared indirectly by hydrolysis with alkali (usually 
sodium hydroxide or sodium carbonate) in aqueous medium. Copolymers with variation in 
the percent ol amide and carboxylic acid groups can be prepared either by copolymerisation 
of acrylamide and acrylic acid or its salts, or by polymerisation of acrylamide followed by 
partial hydrolysis. The former route gives random copolymer, whereas some clustering can 
occur in the alkaline hydrolysis approach. The rate of addition copolymerisation of acrylic 
acid with acrylamide is pH dependent and the reactivity decreases with increasing pH. 
Mpofu et al. [212] have used a copolymer of sodium acrylate and carboxyl substituted PAM 
for flocculation study. 

23.1.23 Anionic Polyacrylamide 

K 

Anionic polyacrylamide can be prepared by hydrolysis of acrylamide. Besra et al. [213] and, 
Petzold and Herrington [214] studied the flocculation and dewatering of Kaolin suspension 
by using anionic PAM flocculants. Taylor et al. [215] also studied the flocculation process of 
anionic PAM onto Kaolinite. The stabilization and destabilization of hematite suspension are 
studied by Zhang et al. [216] by using neutral and anionic polyacrylamide. 

2.9.2.2.4 Polymers containing Sulfonic acid group 

The sulfonic acid group is an inherently stronger acid than the carboxyl. Polymers with 
sulfonic acid moieties, therefore, retain their anionic charge in media with low pH. The major 
representatives of polymers containing sulfonic acid are poly (vinyl sulfonic acid) (PVSA) 
and poly (styrene sulfonic acid) (PSSA). 

2.9.2.2.5 Poly (vinyl sulfonic acid) (PVSA) 

It is the simplest example of this family of fully ionized strong electrolyte polymers. It is 
prepared by polymerisation of ethylene sulfonic acid or its sodium salts under free radical 
conditions and purified by precipitating aqueous solutions of the sodium salt form with 
methanol or dioxane. The ion binding selectivity of the polymer with alkali metals has been 
observed in viscosity and phase separation studies. The homopolymers and its copolymers 
with methacrylic acid are reported to be useful in deposit control as are the copolymers of 
allylsulfonic acid and fumaric acid. 
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2 . 9 . 2 . 2.6 Poly (styrene sulfonic acid) (PSSA) 

Poly (styrene sulfonic acid) is prepared by free radical polymerisation of the monomer in 
solution using the acid, sodium or potassium salt form. PSSA may also be prepared by 
sultonation of polystyrene or by hydrolysis of poly (n-propyl p-vinyl benzenesulfonate). The 
sulfonation route requires a careful choice of the sulfonating conditions necessary to 
minimize cross-linking and the formation of insoluble gel. The best reagent used to be a 
sulfur trioxide-trialkyl phosphate eomplex, with the para-isomer as the major product. Very 
high products of PSSA have been investigated as flocculants for the so-called red muds in the 
Bayer process for bauxite to demonstrate the effect of molecular weight on that substrate 

[217] . 

Several acrylate or acrylamide polymers containing sulfonate groups are commercially 
relevant as high molecular weight flocculants or low molecular weight deposit control agents 

[218] . These include homopolymers of sodium 2-methacryloyloxyethyl sulfonate (SEM) 

[219] and sodium 2-acrylamido 2-methyl propyl sulfonate (AMPS) [218]. Among these 
monomers, 2-sulfoethyl methacrylate is of limited commercial value owing to the hydrolytic 
instability of the ester linkage. The same factor has been a major drawback with 3-sulfo-2- 
hydroxylpropyl methacrylate (SHPM). 

However, 2-Acrylamide-2-methyl propyl sulfonic acid (AMPS) prepared by the reaction of 
SO3 with isobutylene followed by Ritter reaction with acrylonitrile [220,221] is hydrolytically 
quite stable. AMPS is highly reactive in both homo and copolymerisation and can be 
incorporated by homogeneous, solution or emulsion polymerisation technique. Its 
applications include improving emulsion stability, flocculation, improving dry strength of 
paper, sludge disposal in boil-water treatment etc. Qin et al. [222] have copolymerised 
sodium allyl sulfonate onto acrylamide in an aqueous solution using ammonium persulfate as 
initiator and studied their flocculation behaviour in Kaolin suspension in presence of Calcium 
ion. Yu et al. [223] have prepared an anionic copolymer with reactive functional groups of 
amido, carboxyl and sulfonate and studied its flocculation characteristics in lysozyme 
solution. 
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2.9.2.3 Nonionic Polymers 

Foi the purpose of classifying as flocculants, a polymer is considered nonionic if less than 1% 
of the monomei units are charged. In aqueous systems such polymers function as flocculants 
primal ily by the bridging mechanism. Hence, they must be of high or very high molecular 
weight for practical applications. The important members of this class include 
polyacrylamide (PAM) and polyethylene oxide (PEO). 

2. 9.2.3. 1 Polyacrylamide (PAM) 

Acrylamide monomer is polymerized by free radical initiators, e.g. azo compounds, redox 
initiator, light and radiation. Acrylamide is unique among vinyl and acrylic monomers as it 
can be polymerised to ultra-high molecular weight (10*- 10^ dalton). This extraordinary 
feature of acrylamide polymerization is attributed to the high ratio of its propagation to 
termination rate constants (Kp/K,). In fact acrylamide has the highest Kp/Kt of any .free 
radically polymerisable monomer. PAM can be prepared via solution inverse emulsion, 
inverse microemulsion or precipitation techniques. Low temperature initiation, high 
monomer concentration and a small amount of the added 2-mercaptobenzimidazole radical 
scavengers are reported to be the optimal reaction conditions for preparing high molecular 
weight polymers. Pure nonionic polymers or copolymers from acrylamide are difficult to 
prepare due to the rapid hydrolysis of amide groups. The basic advantage of investigations is 
the stability of dilute aqueous solutions on ageing. Rahman have studied the flocculation of 
phosphatic clay waste by using polyacrylamide [224]. Besra et al. [225] also studied the 
flocculation and dewatering of Kaolin suspension using polyacrylamide flocculants. 

2.9.2.3.2 Poly (ethylene oxide) (PEO) 

PEO resins are commercially made by the catalytic polymerization of ethylene oxide in the 
presence of one of the several existing catalyst systems. They are available with average 
molecular weight ranging from 200 to 5x10* dalton. The products with a molecular weight 
belovv' 25,000 dalton are viscous liquids or waxy solids, commonly referred to as poly 
(ethylene glycols). Those with a molecular weight range from about 1x10* to 5x10* dalton 
are called poly (ethylene oxide) (PEO) resins. They are dry, free flowing, and white powders 
completely soluble in water at temperature upto 98 *C and completely soluble in certain 
organic solvents. Aqueous solutions of PEO display increasing pseudoplasticity with 
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inereasing molecular weight. High molecular weight polymers of ethylene oxide are 
su.sceptible to severe auto-oxidative degradation and loss of viscosity in aqueous soluticrx 
The mechanism involves the formation of hydroperoxides that decompose and cause 
cleavage of the polymer chain. The rate of degradation is increased by heat, UV light, strong 
acids and certain transition metals particularly Fe^\ Cr^^ and Ni"^. Ethyl, isopropyl or ally' 
alcohols, ethylene glycol or Mn^^ ions are known to be effective stabilizers of aqueous PEO 
solutions. The major commercial uses of PEO include adhesives, water soluble films, textile 
sizes, rheology control agents and thickeners, water-retention aids, lubricants, hydrodynamic 
drag reducing agents, flocculants, [226] dispersants and additives in medical aijd 
pharmaceutical products. The unique combination of properties of these polymers have led to 
developing applications in detergents, solids transport, control of sewer surcharges, dredging 
and metal-forming lubricants. 

1 

2.9.2.4 Natural Polymers 

Several naturally derived substances are used as flocculants, most of them being based on a 
polysaccharide skeleton, while some of them contain ionic groups. 


2.9.2.4.1 Starch 


Among natural flocculants the most widely used are starch and its derivatives. Starch isolated 
from different sources is all used to some degree as flocculants, but some work better with 
certain substrates than others. Basic starch consists of two constituents, e.g. amylose and 
amylopectin. The amylose fraction of starch shows better flocculation in red mud treatment 
when compared to amylopectin and the native starch. The efficiency can be improved by 
incorporation of cationic and anionic substituent. Jarnstrom et al. [227] have studied the 
V effect of temperature and ionic strength on the flocculation of a kaolin suspension with 

cationically modified starch and its efficiency is compared [228] with that of poly (vinyl 
alcohol) and CMC. Weissenborn et al. [229,230] have investigated the mechanism of 
adsorption of wheat starch and its components (amylopectin and amylose) onto hematite ore. 
It was observed that wheat starch and amylopectin are adsorbed strongly onto hematite which 
was proposed to be due to the formation of a surface complex between the carbonyl groups 
attached to C-2 and C-3 atoms of AGUs and surface iron atom of hematite. A comparison of 


the selective flocculation performance with adsorption results established that flocculation 
occurs by the classical bridging mechanism. Application of starch as a selective flocculant 
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has been leported [2.il]. Nystrbnri et al. [232,233] have investigated the flocculation 
charactei istics of calcium carbonate by using the mixture of cationic starch and anionic 
polyacrylale. fhe application of cationic amylopectin as a selective and efficient flocculant 
has been reported [234-238]. 

2.9.2.42 Gum 

Guar gum (GG), which structurally comprises of a straight chain of D-mannose with a D- 
galactose side chain on approximately every alternate mannose unit, has a molecular weight 
of the order of 220.000. As a result of its wide range properties, guar gum is the most 
extensively used gum, both in food and industrial applications. It is nonionic and hence is an 
effective flocculant over a wide range of pH and ionic strengths. In the mining industry GG is 
used as a flocculant or flotation agent, foam stabilizer, filtration and water-treating agent. In 
the textile industry, it is used as a sizing agent and as a thickener for dyestuffs. However, one 
disadvantage of GG is its relatively rapid biological decomposition in aqueous solutions, 
which of course, can be controlled by addition of chelating agents and grafting with PAM 
chains [239, 240]. 

Xanthan gum (XG) is a high molecular weight extracellular polysaccharide produced by 
bacteria of the genus Xanthomonas [241]. Xanthan gum may be chemically considered as an 
anionic polyelectroljte, with a backbone chain consisting of (1— *-4) P-D-glucan cellulose 
[241]. The polymer backbone is substituted at C-3 on alternate glucose residues with a 
trisaccharide side chain. The side chain consists of P-D-mannopyranosyl - (1^4) - (a-d- 
glucoropyranosyl)-(l->2) - P-d- mannopyranoside 6-acetate. A pyruvic acid residue is linked 
to the 4 and 6 positions between 31-56% of the terminal D-mannose residues [242-244]. The 
flocculation studies of allophanic clay system with xanthan gum and several of its hydrolytic 
intermediates have been reported [245, 246]. 

Hydroxypropyl guar gum (HPG) is a derivatized form of guar gum. It is composed of a linear 
backbone of (l-4)-P-linked D-mannose units with (l-5)-a-linked D- galactose units randomly 
attached as side chains. HPG is extensively used in oil field operations [247]. 
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2.9.2.4.3 Cellulose and its Derivatives 

C'ellulose and its derivatives, e.g. sodium carboxymethyl cellulose [248] and sodium 
carboxyelhyl cellulose are also used as llocculating agents. Unlike many flocculants derived 
from natural products, it is relatively resistant both to biological and hydrolytic degradation. 

2. 9.2. 4.4 Dextran 

Dextran is a class of polysaccharide synthesized from sucrose by bacterial enzymes 
(dextransiicrases, glucansucrases, or glucosyltransferases) to give D-glucans with contiguous 
a-1— +6 glucosidic linkages in the main chains and a variable amount of a-1-^2, a-1-^3, or a- 
1 — >4 branch linkages [249, 250]. Dextran also acts as a flocculating agent due to its branched 
structure. 

2.9. 2.4.5 Glycogen 

Glycogen is similar to amylopectin. It is heavily branched molecule containing straight 
chains of glucose units connected by d-1-^4 linkages. The branching that results from a- 
1^6 linkages is much more frequent in glycogen than in amylopectin, occurring every 8-12 
units. It has high molecular weight. It is a better flocculant than other polysaccharides [25 1]. 

2.9.2.5 Graft Copolymers 

Graft copolymerization has been successfully used to alter significantly the solution 
properties of both natural and synthetic polymers. The viscosity, gelling characteristics, 
solution rheology, e.g. degree of pseudoplasticity, ion compatibility etc. can be drastically 
changed through graft copolymerization reaction. Enhanced functionality can also be 
imparted to substrates which will allow them to be more effective in flocculation, dispersion 
and other applications such as retention aids in paper, dry strength additives etc. 
Polyeiectrolyte side chains can be introduced onto suitable substrates by either grafting an 
ion-containing monomer or a suitable monomer, which can then be transformed to an 
electrolyte by a simple chemical reaction. 



49 


Chapter- 1 1 


2 . 9 . 2 . 5.1 Anionic and Nonionic Graft Copolymers 

Most ol the graft copolymcrizalion reactions have been started with starch and celluiosics 
substrate using styrene, acrylamide and acrylic acid as monomer by ceric ion or radiation 
initiation method. The alkaline hydrolysis ol" starch-g-polyacrylamide produces a mixture of 
carboxylic acid and carboxamide groups, but these are slightly effective in flocculation. 
Acrylic acid/methyl cellulose graft copolymers have been used as clay binders in foundry 
sands. Water soluble graft copolymers with exceptionally high molecular weight grafted side 
chains using acrylamide and acrylic acid have been prepared using ionizing radiation as the 
grafting mechanism. These materials are excellent flocculating agents. 

Many graft copolymers have been synthesized by grafting PAM branches onto natural 
polymers like amylose [252,253], amylopectin [252], guar gum [254], hydroxypropyl guar 
gum [255], P-psyllium [256], sodium alginate [257] etc. The drag reducing properties as well 
as the shear stability of the graft copolymers were studied. It was found that grafting of P^M, 
which is highly prone to shear degradation onto polysaccharide backbones not only restilts in 
efficient drag reducing agents but also makes the graft copolymers reasonably shear resistttnt 
[258,259]. Further, variation in the number and length of PAM chains were affected by 
varying the synthetic parameters. It was observed that in a series of graft copolymers with a 
particular polysaccharide, the one with fewer but longer PAM chains performed the, best 
[260]. The study of the flocculation behaviour of the graft copolymers showed the same 
trend. In another study. Karmakar [261] studied the flocculation and rheological studies of 
starch-g-polyacrylamide and amyiose-g-polyacrylamide. Starch-g-polyacrylamide was found 
to be the better in performance. When the performance of amylopectin-g-polyacrylamide.was 
investigated by Rath and Singh [252,262], it was found to perform better than any other graft 
copolymers and various commercial flocculants. This behaviour was explained by Singh’s 
Easy'Approachability Model [263-267], which is based on easy approachability of dangling 
PAM branches on rigid amylopectin to contaminants in the industrial effluents. Since in 
amylopectin-g-polyacrylamide the PAM branches are grafted on backbone as well as on 
amylopectin branches, this provides better approachability of grafted PAM branches to 
contaminants. 
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2. 9. 2. 5. 2 Cal ionic Graft Copolymers 

Various ciuatcinaiy ammonium monomers have been graft copolymerized onto starch in 
attempt to piepare improved llocculants and pigment retention aids useful in papermaking. 

I he work ol I-anta et al. [268] on the graft copolymerization of 2-hydroxy-3- 
methyacryloyloxypropyl trimethylammonium chloride onto starch and its evaluation as 
flocculating agents is ot particular interest. Fanta et al. [269] also investigated the graft 
copolymers of starch with mixtures of acrylamide and the nitric acid salt of 
dimethylaminoethyl methacrylate and evaluated their flocculation performance. Jones and 
Jordan [270] investigated the graft and terpolymers of starch with 2-hydroxy-3- 
methacryloyloxypropyl trimethyl ammonium chloride and acrylamide for use as silica 
depressants in the flotation-beneficiation of silaceous ores. However and Sinkovitz [271] 
developed some new cationic graft copolymers made by the graft copolymerization of 
diallyldimethylammonium chloride or 2-hydroxy-3-methacryloyloxypropyl 
trimethylammonium chloride and acrylamide onto dextran substrate and their use as additives 
for improving the dry strength of paper. Walldal et al. [272] have synthesized cationic 
polymers of amylopectin and polyacrylamide and studied its interaction with colloidal silisic 
acid. Levy et al. [273] have synthesized cationic guar gum and study its flocculation 
behaviour in bentonite suspension. First they fragmented the guar gum using ammonium 
persulphate as a degrading agent, followed by precipitation of the products with ethanol. The 
cationic charge was added to the guar molecule by reacting it with 2,3- 
epoxypropyltrimethylammonium chloride. Gu et al. [274] have synthesised cationic graft 
copolymers of poly diallyldimethyl ammonium chloride (poly DADMAC) and PAM using 
organic peroxide initiators. Larsson et al. [275] have synthesised cationic amylopectin using 
3-chloro-2-hydroxypropyl trimethyl ammonium chloride (QUAB) as the monomer and 
studied its flocculation performance in colloidal silica suspension. 

2.10 POLYMERIC VERSUS INORGANIC FLOCCULANTS 

Polymeric flocculants offer some distinct advantages over inorganic flocculants. The floes are 
larger and stronger and are more rapidly formed. The salt concentration is not increased and 
much less sludge is generated. The dosage requirement is quite low (typically 1 % on a dry 
weight basis) whereas that of inorganic flocculants may be as high as 20 %. The inorganic 
flocculants frequently require pH adjustment, which is not necessary with polymeric 
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nocculants. Further, the polymeric flocculants are more convenient and easier to use. 
Flowever, inorganic flocculants are inexpensive and often used for economic reasons. 


2.11 NATURAL VERSUS SYNTHETIC FLOCCULANTS 


The principal advantages of natural polymers are that they are non-toxic and readily available 
from renewable natural resources. Unfortunately, their efficiency is low, thus requiring a high 
dosage that varies with origin of natural polymers. The biggest advantage of natural polymers 
is their biodegradability. But this very advantage becomes a drawback in reducing its storage 
life and tells upon their efficiency as a result of molecular breakdown. The synthetic 
polymers on the other hand are highly efficient with product consistency and uniformity, 
biological as well as chemical stability. These can be tailored in terms of functional groups, 
structure and molecular weight to suit to a particular application. However, their 
disadvantages are that they are mostly non-biodegradable, highly expensive and may be toxic 
[276,277] (it may be noted that the synthetic polymers are not toxic but the associated 
monomers may be toxic). 


2,12 FLOCCULATION: THE TEST METHODS 


The principal purpose of a flocculation test procedure is to establish the optimal conditions 
for floe formation, but the nature of test may be greatly influenced by the process 
considerations [278]. If the aim of flocculation process is to clarify turbid water, then the 
optimum conditions might be judged in terms of minimum supernatant turbidity after 
sedimentation of floes. On the other hand, if solids recovery is the main purpose, settling rate 
could be the chosen parameter. In case of sludge dewatering, flocculants are used to increase 
filterability, so that filter cake permeability or specific resistance to filtration (SRF) is 
considered as the desired parameter. 

It seems reasonable to assume that optimum flocculation condition determined on the basis of 
different tests should coincide, especially if thorough mixing of additives could be achieved 
rapidly. However, there is very little evidence on this point in practical systems. In fact where 
flocculation is carried out for some specific purpose such as colour or phosphate removal, 
then it is the best to monitor the removal directly. Ideally, a flocculation test procedure should 
simulate the operation of a full-scale unit and be capable of predicting plant performance on 
the basis of laboratory trials. But due to various reasons, such prediction is difficult to 
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achieve and a more realistic aim is to establish optimal chemical conditions in laboratory 
trials which correspond closely to those giving optimum plant performance. The actual 
performance of the plant, in terms of clarification, settling rate or other parameters may not 
be the same as that found in the laboratory test under the same chemical conditions, but it is 
possible to establish an empirical relationship, which can be used for predictive purposes. 
Usually, measurement of three parameters, namely sedimentation rate, settled volume and 
supernatant turbidity give information on the state of aggregation of a suspension. 

Sedimentation (at fairly high solids concentration) can most conveniently be measured in the 
zone-settling region, where the movement of the boundary layer can be followed with time. 
Settled volume of floes is sometimes used in laboratory evaluation of polymeric flocculants, 
but is not usually employed in routine tests. 

Measurement of supernatant turbidity is frequently employed as an indicator of flocculation 
performance. Ideally, a well-flocculated suspension should settle leaving no suspended solids 
in the supernatant liquid and hence a very low turbidity. Turbidity measurements are based 
on transmitted light or light scattering, the latter being more effective. For very low 
turbidities, some other measures of solids content like Silting Density Index (SDI) may be 
more appropriate. The supernatant turbidity, although a directly relevant parameter in 
applications like water clarification, some difficulties may arise in interpreting the results. For 
instance, the result may be greatly influenced by a residual haze, which may represent an 
extremely small proportion of the original solids. Incomplete mixing of the flocculant may 
result in local overdosing and restabilization of a small number of particles, giving rise to a 
persistent haze in the supernatant liquid. This effect is likely to occur with polymeric . 
flocculants. 

2.12.1 The Settling Test 

Settling test is conventionally conducted according to the International Standard Organization 
(ISO), in 100 ml standard measuring cylinders (2.8 cm inner diameter and 25 cm long) [279]., 
A suspension of high solids content is taken in the cylinder and mixed well by shaking. 
Require dosage of flocculant solution is added so as to make the total volume up to 100 ml 
mark. The cylinder is inverted up side down ten times and is allowed resting to form interface 
between floes and supernatant. Settling curves showing fall of the interface height vs. settling 
time. Man\’ research workers [280, 281] performed settling studies in 100 ml graduated 
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cylinders. Sometimes, narrow glass tubes (20 cm long and 0.48 cm diameter) are used fo' 
settling study of clay materials [282], One-meter high glass jars are also used for the study cf 
wastewaters of pulp and paper mill [283]. 

2.12.2 The Jar Test 

One of the most common pieces of bench test apparatus found in water treatment laboratories 
to identify potential coagulation-flocculation conditions in liquid suspensions is the jar test 
apparatus. The test is used to confirm the preferred chemicals and also to identify the best 
concentrations. The batch-test consists of using six identical jars containing the same volumfe 
and concentration of feed, which are charged simultaneously with six different doses of a 
potentially effective flocculant. The six jars can be stirred simultaneously at known speeds. 
The treated feed samples are mixed rapidly and then slowly and then allowed to settle. These 
three stages correspond respectively to the fundamental processes of dispersing the flocculant 
onto the particle surface, gently sweeping the colloidal particles together to form large floes, 
and allowing the flocks to settle. These three stages are also an approximation of the 
sequences based on the large-scale plants of rapid mix, coagulation-flocculation and settling 
basins. At the end of the settling period test samples are drawn from the jars and turbidity of 
supernatant liquid is measured. A plot of turbidity against flocculant dosage gives an 
inaication of the optimum dosage (i.e. the minimum amount required to give acceptable 
clarification). The criteria thus obtained from a bench jar test are the quality of resultant floe 
and the clarity of the supernatant liquid after settling. The design of the full-scale plant 
process is then done based on the bench-scale selection of chemicals and their concentrations. 

Unfortunately, the jar test suffers from a number of disadvantages, despite its widespread 
application. It is a batch test, which can be very tim-e-consuming. A thorough exploration of 
optimum flocculation conditions for raw water can easily take a few days. Such an extensive 
series of trials would require very large volume of sample, which may be inconvenient if 
testing is to be carried out remote from the raw water source. Finally, the results obtained 
from a series of jar tests might not correspond to the results obtained on a full-scale plant. 
Many new methods [284] have been developed to substitute the conventional jar test 
including techniques [285, 286] for characterization of floe structure. 
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2.13 FACTORS AFFECTING THE FLOCCULATION 

2.13.1 Effects of Molecular Weight and Charge Density of Polymer 

When a low molecular weight polymer is used, there is a tendency for each polymer molecule 
to adsorb on to a single particle. The degree of flocculation is then lessened by further 
polymer addition. With a polymer of the same type, but higher molecular weight, a greater 
amount can be adsorbed and utilized by the floes. Optimum dosage and settling rate both 
increase with increasing molecular weight. In the treatment of coal wash plant refuse, the 
trend has been towards the very high molecular weight anionic flocculants since it has 
become increasingly important to obtain faster sedimentation rates. However, lower 
molecular weight products are more suitable for filtration applications as has already been 
stated. The effects of polymer molecular weight on flocculation [287-289] are best described 
in terms of bridging and electrostatic patch mechanisms. For systems in which bridging 
predominates irrespective of charge, an increase in molecular weight improves flocculation. 
At higher molecular weight, as the polymer gets adsorbed, it can extend further away from 
the particle surface and is slower to reach equilibrium. This in turn, increases particle radius 
and collision number and hence flocculation rate. Although anionic charge on polymer can 
impede adsorption onto a negative surface, it serves to promote extension of polymer chain 
through mutual charge repulsion, enhancing its approachability. It has been observed that 
beyond an optimum molecular weight, flocculation efficiency decreases, which is attributed 
to steric repulsion between polymer molecules. On the other hand, molecular weight effects 
are less well defined in systems where the electrostatic patch mechanism is rate controlling. 
Optimum fiocculant concentration has been found to be independent of molecular weight but 
dependent on ionic strength. Adachi et al. [290] observed the rate of initial flocculation of 
polystyrene latex to be remarkably enhanced by the addition of polyelectrolytes, but the 
extent of this enhancement decreased with an increase in ionic strength. Equally important is 
the configuration of the solvated polymer, particularly in bridging flocculation. Molecular 
effects are more apparent when the polymer has a rod-like character. 

Overall molecular weight is not the only criterion for effective flocculation, since two 
products with the same apparent molecular weight may have different molecular weight 
distributions. 
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2.13.2. Effect of Polymer Dosage, Critical Concentration and 
Optimum Dose 

The flocculation performance of flocculants primarily lies on the types of flocculants, their 
molecular weight [291], ionic nature , content [292,293], on the suspended solid content 
[294] in the waste water and the type of waste water [295] etc. 

However the shape of the polymer chain in solution mainly depends on the conformation of 
the polymer in solution for a given polymer-solvent system. In other words, the concentration 
could alter the chain shape, and further result in changing the solution properties [296.297], 
its function [298,299] and even the solid properties [300,301] and its polymer solution. 
Moreover, the changing in solution properties is not linear with concentration; thus several 
critical concentrations [302-306] exist from extremely dilute solution to concentrated 
solution. 

One of the most important critical concentration C* is introduced by Gennes [307], at which 
the polymer coils start to develop. At C<C*, polymer chains are isolated or with sorne intra- 
chain interaction, when C>C*, the polymer coils start to contact and inter-chain interaction 
occurs. Some of the solution properties like viscosity are apparently different in this region. 
Critical concentration is generally defined as follows; 


Where Na, M and Ro are the Avogadro Constant, molecular weight and the radius of 
gyration, respectively. Using the Fox-Flory equation. 



M 


Here, [rj] is intrinsic viscosity, [(p - 6^^ (p and (p - 2.5 x 10 (ml/g), we have: 


C* = 


1.23 

[7] 


In general [308], the value of C* can be approximately written as: 
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(’* = 




ll means llial C* is inversely proportional to tltc intrinsic viscosity [pi. which represents 
chain dimension or the segment density of the chain coil. 

Experimental results showed that flocculation rate from a given system cannot be increased 
beyond a certain dose, called the optimum dose (C.o) of the polymer and further addition 
results in decreased efficiency. It has been suggested that 1309.310] optimum flocculation 
occurs when half of the surface area of the solid particle is covered with the flocculants. 
Optimum dose cannot be easily predicted since they are known to be varying not only with 
ionic character and degree, but also with molecular weight. Optimum dosages increased with 
increase in molecular weight, and the settling rate achieved will be higher. 

Even though it is not easy to predict the optimum dose, Qian et al. [311] have giv 
theoretical approach to relate the optimum dose and critical concentration of the polymer for 
a given concentration of suspended solids (C,) in a given system. According to them, a linear 
relationship between C«, and (C*.C„)“ * is obtained, and could be expressed as follow: 

= 5763. 9(C*. Css)”’- 4.2 


The degree of flocculation achieved can be markedly affected by dose and the mixing ( 

314] conditions. Flocculation in a given system cannot be increased beyond a certain 
optimum dosage of polyelectrolyte, and further additions result in decreased efficiency. It has 
been found [315] that for high solids concentrations and relatively low polymer oses, 
flocculation occurs rapidly, but the floes are no. smbie and can break a. motote stirring 
rates. By reducing the rate of stirring shortly after polymer dosing, floe size 
can be held a. plateau levels, without subsefluen. decline. It has been suggested tha [ ^ 
optimum flocculation occurs when half the area of solid is covert with 
higher concenmation, the degree of flocculation decreases and the pa ic y ^ 

completely covered by the absorbed polymer layer. Thus overdosing can be a serious m.stAe 
irriay create a well esmblished suspension that is extremely difficult to separate. Bu 
in principle a substantial degree of flocculation can be obtained with much lower po ym 
dosage Iha.; is usually required. Hydrodynamic factors [318,319] arising from mechanical 
agitation play a significant role in flocculant adsorption. Vigorous agiMion of floccu ating 
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suspension causes lloe breakage and the exposure of fresh surfaces to polymer adsorption 
thereby increasing adsorption capacity. At the same time, increased agitation leads to the 
production ol smaller Hoes, indicating that enhanced adsorption does not compensate for 
increased Hoc breakage. In iaet, the general rule seems that the actual amount adsorbed varies 
inversely with the extent of flocculation. 

2.13.3 Conformation of Polyelectrolyte in Solution 

It was observed [320] that, in the flocculation of clays by two high molecular weight PAN'':s 
of different degrees of hydrolysis, the high molecular weight with 30 % hydrolyzed pdlynier 
will perform better. The flocculation performance diminishes beyond an optimun.t 
concentration, which can be explained by bridging mechanism. The higher molecular '{veight 
polymers can adsorb in configurations with loops of greater length extending from particle 
surface, increasing collision probability. Particles bridged by 30 % hydrolyzed polymer 
perform better because the charge not only affects the particle-polymer interaction but also 
causes an extension of the solvated polymer chain. At 30 % hydrolysis, a balance is reached 
between the effects of like charge repulsive forces of the polymer and the particle surface. 
The concentration effects are due to the need for vacant surface sites on which a bridging 
polymer can adsorb. In a similar study Yu et al. [321] have established that polymer 
conformational changes have a beneficial effect on the flocculation of alumina [322]. 

2.13.4 Solution Properties 
2.13.4.1 Effect of Ionic Strength 

The configuration of polyelectrolytes in solution is significantly affected by ionic strength 
and this affects flocculation. This is indicated by the increased viscosity of a polyelectrolyte 
solution as ionic strength decreases. Similar charges on the polymer chain tend to expand the 
chain as a result of mutual charge repulsion. As ionic strength increases, these charged sites 
are shielded and allow the polymer to fold and assume a smaller hydrodynamic volume, as 
indicated by a decrease in solution viscosity. These effects manifest themselves in the 
flocculation mechanism. In a high solids system to be flocculated by a high molecular weight 
charged polxTrier, decreasing ionic strength expands the polymer in solution and enhances 
bridging by increasing the effective particle radius. In systems where the electrostatic patch 
mechanism predominates, the effect of ionic strength is less well understood. On the other 
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hand, when charge-neutralization mechanism is operative the effect of ionic strength is 
realized through double layer compression in systems where flocculant and surface are 
oppositely charged. 

2.13.4.2 Effect of p H 

The pH of the pulp determines the surface charge. With inorganic flocculants, the effective 
species can be a solvated metal ion, which affect flocculation through double-layer 
compression and Schulze-Hardy effects. With increase in pH, these species become charged 
and the mechanism of action changes. When the colloids are hydrophilic, e.g. humic acids, 
pH affects protonation. In presence of ionizable acidic or basic groups, colloid surface charge 
is affected by pH changes. In organic polymer flocculation, pH can affect polymer activity 
and the mechanism. The pH also controls the degree of ionization of the polymer and, 
therefore, varies the amount of charge on the polymer chain. This determines the degree of 
extension of the molecule and affects the degree of bridging. Therefore, flocculants can only 
function over a certain pH range. A schematic representation of the effect of solution pH on 
the conformation of the polymeric flocculants is given in Table 2.1. 

Table2.1 Schematic representation of the conformational state of 
adsorbed polymer at different pH [323]. 


pH Non Ionic 


Amonic 


Cationic 



6.4 





10.95 





ds. 

ciSSJ* 

fiESr* 









Chapter-! 1 


'I'he table is showing that at lower pH the non-ionic polymer chains coils up and showed 
lower noccLilation elTiciency. With increase in pH of the medium, the polymer chains 
stretched, d’his conformation favours polymer bridging. 

Anionic llocculants showed most coiled conformation when the solution pH is very low but it 
stretched when the solution pH increases. 

Cationic polymers showed just the opposite behaviour. They show most coiled conformation 
at higher pH value but at lower pH value the polymer chains stretched to a considerable 
extent. 

2.13.4.3 Effect of Particle Size 

The importance of particle size variation with regard to flocculation has been investigated by 
many researchers [324]. Moudgil et al. [325] have reported that there exists a strong 
correlation between aggregation of a given size and the molecular weight of the flocculanc. 
They have explained the correlation between particle size and flocculant molecular weight in 
terms of floe formation forces provided by polymer bridging and floc-breaking forces (e.g: 
turbulence) encountered in an agitated system. In a similar report Mishra et al. [326] have 
reported the decreasing settling rate of coal suspensions with decreased particle size. This has 
been attributed to an increase in surface area that decreases the charge neutralization capacity 
of the coal surface by the flocculant. 

2.13.4.4 Effect of Temperature 

It is generally thought that an increase in temperature improves flocculation, although this is 
not always the case. A change in temperature will exert different effects on different systems. 
The rate of difflision of flocculant and the rate of collision of particles increases with a rise in 
temperature. But the adsorption step, which is exothermic, must be unfavorably affected by 
higher temperature. The linear extension of the polymer molecules may vary with change in 
temperature depending on the nature of the solvent-solute interactions. Thus, it is difficult to 
accurately predict the effect of temperature in a given system. 
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2.14 APPLICATIONS OF FLOCCULANT 
2.14.1 Water Clarification 

Flocculants are used lor clarification of potable and industrial process water. Their principal 
(unction is the removal of suspended solids, which cause turbidity, fhc llocculants are also 
used in gravity separation and flotation processes for industrial and municipal water 
clarification. For waste-water, containing mainly inorganic compounds, anionic flocculants 
are preferred whereas for organic compounds cationic flocculants are most often applied. 
Polymeric flocculants are employed for waste-water treatment in the metals, chemicals, pulp 
and paper, food processing, petroleum refining and textile industries. Zemaitaitiene et al. 
[327] reported the role of anionic substances in removal of textile dyes from solution using 
cationic flocculant. Zhong et al. [328] studied the treatment of oily wastewater using 
flocculation and ceramic membrane filtration. 

2.14.2 Paper Making 

In the process of production of paper from wood and pulp, fillers such as clays, titanium 
dioxide, calcium carbonate etc. are used to provide opacity and whiteness to paper. However, 
a significant percentage of the fillers added as well as fibre fines may be lost during draining 
of the wet paper web. The loss of valuable fillers and fines during drainage is significantly 
reduced by addition of flocculants, the type of which is dependent on the history of the pulp. 
Both alum and cationic polymers are used to neutralize the negative paper fibres. Because the 
alum forms small, easily sheared floes, it may be used in conjunction with a high or ultrahigh 
molecular weight cationic or anionic polymer. Starch and cationic starch also function as 
flocculants when added to fibre slurry to increase the wet strength. An additional benefit of 
using the flocculants as retention aids in paper industry is that, the residual polymer left in the 
stream is very effective in clarifying the “white effluent” formed in the process. Cationic 
starches are widely used as wet-end additives ip paper making [329]. Whipple et al. [330] 
reported the adsorption characteristics of a fluorescent cationic poly (acrylamide) flocculant 
to clean fibre. 
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2.14.3 Mineral Processing 

In all mining operations, solids and liquids must be separated, which can be facilitated by 
flocculants in the thickening of froth flotation, concentration and clarification steps. In most 
mineral processing, the suspended fines are impurities arising from crushing and grinding. 

They are separated as the solid phase rather than the mineral of interest, which remains in 
solution, coal being an exception. The coal industry is the largest user of flocculants. Both 
cationic and anionic flocculants [331] are used including some natural polymers. Cationic 
polymers are of quaternary ammonium type, e.g. poly (DADMAC) or polyamine especially 
in the recovery of coal. The principal anionic synthetic flocculants are poly (acrylamide- 
acrylate) copolymers although nonionic PAM is also utilized. Among natural polymers used 
are starch, GG, animal glue, lignin (sulfonate) etc. 

2.14.4 Selective Flocculation 

One of the applications that have shown considerable promise in the beneflciation of mineral 
fines is selective flocculation [332-335]. This process involves flocculating particles of one 
type from a well-dispersed suspension of the ore or mixture, followed by separating the floes 
by either froth flotation or sedimentation. Selective flocculation, like flotation, takes 

[i- 

advantages of the differences in the physico-chemical properties. But unlike flotation, 'j 

flocculation does not depend entirely on the wettability characteristics of the particle 

surfaces. The selective flocculation involves three steps: (i) dispersing the fine particles, (ii) I 

I*' J 

selectively adsorbing the polymer on the active component (flocculating particles of interest) j. 

and forming floes, and (iii) separating the floes. The major applications of selective 

flocculation have been in mineral processing but many potential uses exist in biological and 

other colloidal systems [334].These include purification of ceramic powders, separating 

hazardous solids from chemical wastes and removal of deleterious components from paper 

pulp [336]. Industrial applicability of this process has so far been limited, e.g. processing of 

taconite and potash ores; because results obtained by selectively flocculating natural ores or 

cotnple.x synthetic mixtures often do not correlate with the selectivity observed in single 

component systems. Selective flocculation of desired fraction has become an active area of I 

research in the field of flocculation [337-340]. 

A critical review on iron oxide/quaitz separation using starch and poly acrylic acid indicates 

starch to be a more selective agent [341]. The presence of clays, particularly montmorillonite, * 
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is known to have a detrimental effect on the selectivity of separation. To prevent 
hcterocoagulation, sodium silicate is to be added. Ravisankar et al. [342] attempted selective 
llocculation of iron oxide-kaolin mixtures using a modified PAM flocculant containing 
^ hydroxamate functional groups. 

Flourapatite, the phosphate fertilizer mineral, occurs in nature in association with silicate and 
carbonate minerals. During flotation separation of apatite, a significant proportion of P 2 O 5 
value is lost in the form of slimes. Selective flocculation appears to be promising for 
recovering the fine phosphate values. Pradip et al. [343,344] have successfully examined the 
feasibility of selective flocculation of tribasic calcium phosphate using hydrolyzed PAM and 
poly (acrylic acid) flocculants. Xiao et al. [345] developed organo-modified cationic silica 
nanoparticlcs/anionic polymer as flocculants. The synergistic effect of flocculation of 
cationic polymer microparticles and anionic polymer on fine clay has been reported [346]. 
Petzold et al. [347,348] studied interaction between the oppositely charged polyelectrolytes 
poly (dimethyldiallylammonium chloride) (PDMDAAC) and poly (maleic acid-co-a-methyl 
styrene) (P (MS-a-MeSty) as flocculants in the presence of cellulose or a mixture of cellulose 
and clay. 

2.15 PARTIAL ALKYLYNE HYDROLYSIS 

The partially hydrolyzed grafted copolymers were prepared by treatment with alkali. The use 
of alkali hydrolyzed the amide end groups to carboxylate groups. As the carboxylate groups 
are negatively charged they repel each other thus gives an extension of the chain. These 
extended chains can penetrate the double layer and can approach the particle surface close 
enough prior to effective adsorption. 

But in experimental condition both of the polymer chain and the particles are negatively 
^ charged (as seen by their Zeta Potential). So, for an effective adsorption to occur between the 

polymer and the particle there must be some other mechanism rather than the electrostatic 
attraction. Observation [349-351] with iron oxide showed that it is the chemical groups and 
architecture of the macromolecules and their interaction with the metals oxides of the 
particles, which plays the important role for adsorption. A variety of studies showed that the 
anionic polymers were adsorbed at metal oxide surfaces [352,353] Vermohlen et al. [354] 
found polyacrylic acid to co-ordinate with the surface of metal oxides using DRIFT 
spectroscop\’ and ab initio calculations. They concluded that the carboxylate oxygen of 
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polyacrylic acid bridges two surface atoms in a ligand-exchanged inner sphere surface 
complex. Jones et al. [355] found polyacrylate to adsorb on iron oxide in an asymmetric 
bridging structure. The hydroxaniate functional group also found to form complex with the 
metal ion (M) of the oxide surfaces [356-358]. A considerable amount of covalent character 
was found in the bond formed with the hydroxamate group compared with the ionic nature of 
the bond formed with carboxylate groups. When the polymer chain comes closer to the 
surface of the particle, the carboxylate group is believed to formed four membered ring or a 
complex with two metal oxides of the particles (Figure 2.10). Particles’ having higher Zeta 
Potential invites larger amount of polymer chains towards the surface. If the polymers have 
higher negative charges then they repel each other strongly. It is the attractive force between 
the particle and the polymer and the repulsive force among the polymer, which determines 
the fate of the flocculation performance. The detail of the synthesis, characterization and 
flocculation properties of the hydrolyzed graft copolymers are given in Chapter-V. 
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Figure 2.10 Schematic representation of anionic polymer particle interaction 

2.16. CATIONIZATION 

The cationization of polymer provides a unique technique for modifying polymers to meet 
desirable end use requirements. The cationized polymers are of additional interest because of 
their potential use as viscosifier in enhanced oil recovery operations, as flocculants and in 
beneficiation and treatment of mining and wastewater sludges. An important advantage of 
cationic polymers is that the polymeric substrate or backbone polymer and the inserted 
cationic moiety are held together by chemical bonding allowing the two polymers to be 
intimateh' associated rather than as mere physical mixtures. The method of cationization of 
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polymer has been utilized as a special technique in the recent decades for synthesizing new 
class of polymeric materials by modifying the physical and chemical properties of synthetic 
and natural polymers, 'fhe mechanism for flocculation with cationized copolymers may be 
given as follows: It is well accepted that cationic polymers are adsorbed via coulombic 
interactions between the cationic groups on the polymer and the negative charged particle 
surface. 

Durand Piana et al. [359] and Denoyel et al. [360] described the influence of charged density 
of polycation on the interaction with the particles. They reported that for a polymer having 
fixed molecular weight, the amount of adsorbed polymer decreases with increase in 
cationicity. Indeed they found that the time to reach equilibrium depends on the cationicity 
insofar as it took minimum time when cationicity is maximum. 

Denoyel et al. [360] found that for adsorption of polycation onto particle surface the enthalpy 
of exchange for a cationic unit was, for a given molecular weight, particularly independent of 
the surface coverage. This is marked contrast to the behaviour of non-ionic polymers where 
the enthalpy has generally been found to decrease with surface coverage [361]. This contrast 
indicates that the chain conformation is largely independent of the surface coverage. They 
proposed that the polycation chains, which arrive w'hen a significant portion of the surface is 
coated with polycation, might only be attached to the surface through a few cationic centers. 
All the above results suggests that the density of cationic groups on the clay surface increased 
rapidly with increase in cationicity upto a certain value at which the surface charge is 
completely saturated. As the cationicity increased, the dense packing of the chains on the 
surface was prevented by electrostatic repulsions and chain stiffness. 

Durand Piana et al. [359] also suggested that if the cationicity of the polymer is very low then 
the bridging would be the major adsorption mechanism rather than the charge neutralization 
and for this case flocculation will depend on the polymer chain length because long chain can 
able to bridge more particles. 

The flocculation of the suspended particles with cationic polymer can be represented 
schematically as follows; When both the polymers and the particles have higher charge, a 
stiffer extended conformation of polymer chain, which lies close to the surface with few 
loops and trains results with thin layer of polycations when the polymer loading is low 
(Figure 2.11, a). Here the flocculation is solely depends on the charge neutralization 
mechanism. But wlien the particles have lower surface charge, the polycations have fewer 
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contact points on the surface. Thus the adsorbed polymer layer is much thicker (Figure 2.11, 
b). When the particles have lower charge density and smaller size, the possibility of bridging 
is much higher (Figure 2.11, c). 

For polycations having lower charge density than the particles, flocculation occurs through a 
new mechanism called “electrostatic patch mechanism” (Figure 2.12). This occurs when a 
polycation rich patch comes closer to an anionic patch. 


(a) 






Figure 2.11 Schematic illustration of the adsorbed polycation conformation for (a) highly 
charged polycation on a highly charged anionic surface; (b) highly charged polycation on a 
surface of low anionic charge; (c) highly charged polycation on a small, negatively charged 

particle 
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Schematic illustration of electrostatic patch flocculation mechanism 
n occurs when polycation-rich surfaces collide with polycation free 
surfaces 
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2.17 SUMMARY 

Chitosan is a biopolymer found in the exoskeleton of crustacean animals. It is cationic in 
nature due to the presence of amino groups. Chitosan is soluble in mild acid solution. The 
investigation was confined to the grafting of the PAM onto the backbone of chitosan by CAN 
as a redox initiator. So, throughout the literature review, the main emphasis is on the 
physiochemical properties of chitosan and different ways of synthesizing polysaccharide 
based graft copolymers. Upon this emphasis, this research study had attempted to find the 
flocculation performance of the graft copolymers. A portion of the literature revie*!A’ is 
dedicated to the flocculation and coagulation performance of natural and synthetic polymers. 
This chapter describes the properties of particles and critical polymer concentratiop to 
flocculate them. It also describes the parameters affecting the flocculation performance of the 
particles. This chapter also reviewed the flocculation performance of partially hydrolyzed 
graft copolymer and cationised polysaccharides. 






J 
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3.1 MATERIALS 


Chitosan was a kind gift from C entral Institute of Fisheries Technology, Cochin, India. 
Acrylamide was procured from 1:. Merck, Germany. CAN was obtained from Loba Chemie, 
Mumbai, India. Acetone and 1 lydroquinone were procured from S.D. Fine Chemicals, 
Mumbai. Kaolin was procured from B.D. Pharmaceuticals, Howrah, India. Iron ore was a gift 
from Joda Mines, India. Silica was obtained from Jyoti Chemicals, Mumbai, India. Bentonite 
was procured from Merck Limited, Worli, India. Chitosan and all the other chemicals were 
used as they were supplied without further purification. 


3.2 SYNTHESIS 

The chitosan based graft copolymers were synthesized by solution polymerization technique 
using ceric ion induced redox initiation method [56,362]. The entire reaction was carried out 
at room temperature. As oxygen inhibits the polymerization of the vinyl monomer, the 
grafting was performed in an inert atmosphere of N 2 . The details of the synthesis process are 
as follows: 


First, 2 grams of supplied chitosan was poured into a reactor containing 200 ml of 1% 
aqueous acetic acid solution. It was then stirred for several hours (app: 4 hours) to get a clear 
solution. Calculated amount of acrylamide was then dissolved into 75 ml of .distilled water 
and the solution was poured in the reactor containing chitosan solution. The reactants were 
mixed by continuous stirring. Na gas was purged through the mixture for about 25 minutes to 
remove the oxygen. At this stage, calculated amount of CAN was dissolved in 25 ml freshly 
prepared distilled water. The CAN solution was added to the reaction mixture without further 
delay. The mixture was again stirred for another 15 minutes. While stirring, N 2 gas purging 
was continued to remove even the last traces of oxygen. After 15 minutes of purging, the 
stirring was stopped and the reaction was allowed to continue for next 24 hours. Then 
saturated aqueous solution of hydroquinone was added to terminate the reaction. The mixture 
was then poured into a beaker containing 1000 ml of distilled water to produce homogenous 
slurry. The slurry v^as poured in excess of acetone to precipitate the product. The product was 



then kept overnight in acetone to assure that the last portion of the water was removed form 
the product. The product was filtered out and dried at controlled temperature (60®C), in 
vacuum oven for 2 hours. Subsequently it was pulverized and sieved. In this similar way, all 
the grades were prepared. By varying the acrylamide and CAN concentration, seven grades 
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of chitosan based PAM graft copolymers were prepared (Chito-g-PAMl to Chito-g-PAM7). 
The details of the synthesis parameters are summarized in Table 3.1. 




I 





Table 3.1 Synthesis details of the graft copolymers 
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3.3 PURIFICATION OF THE GRAFT COPOLYMERS BY SOLVENT 
EXTRACTHON 

The extraction ot the occluded polyacrylamide was carried out by solvent extraction using 
a mixture ot tormamide and acetic acid (1:1 by volume) solution [363] as given in Figure 
3.1. The procedural details are as follows; 3 grams of grafted copolymer was taken in a 250 
ml beaker. 100 ml of the prepared solvent was added to it. The mixture was kept at room 
temperature tor around 12 hours. After that the mixture was filtered using Buchner funnel. 
The residue was washed with the same solvent mixture for ten times and every time, the 
filtrate was checked with acetone whether there was a precipitation of polyacrylamide or 
not. After which the polymer was again washed with acetone and kept into it for 24 hours 
to remove the solvent. The filtered polymer was then dried in vacuum oven. 


Solution 

Acrylamid 


Polysaccharide 

+ 


Aery 


amide 

Initiator 


Graft Copolymer 
+ 

Polyacrylamide 

+ 

Untreated Acrylamide 
I Acetone 


Precipitati 
Graft Copolymer 

4 - 

Polyacrylamide 


(1:1 Formamide, Acetic Acid; 

i. 


Polyacrylamide 


Graft Copolymer 


Figure 3.1 Schematic representation of the purification of the graft copolymer 
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3.4 CHARACTERIZATION OF THE GRAFT COPOLYMERS 


3.4.1 Elemental Analysis 

The elemental analysis of chitosan and all the graft copolymers was performed using a 
Carlo Erbo 1108 Elemental Analyzer. The estimation of only three elements namely, 
carbon, hydrogen and nitrogen were undertaken. 


-f 





3.4.2 Measurement of Intrinsic Viscosity 

Viscosity measurement of polymer solutions was carried out with the help of Ubbelohde 
Viscometer (CS/S. 0.00386). Intrinsic viscosity of all the graft copolymers and chitosan 
was determined from the point of intersection of two extrapolated (to zero concentration) 
plots [364] i.e., inherent viscosity versus concentration (rjjnh vs. C) and reduced viscosity 
versus concentration (rjred vs. C). For the measurement of intrinsic viscosity of chitosan 
and all the graft copolymers, 0.125 grams of the polymer was dissolved in freshly prepared 
distilled water with slow stirring at room temperature (33 '^C). 1% aqueous solution of 
acetic acid was also added to the mixture for complete dissolution. The resulting solution 
was taken and the volume was made up to 100 ml. This was the polymer stock solution. 
From the stock solution different concentrations of the polymer solutions were prepared. 
The capillary viscometer was properly cleaned with chromic acid solution and washed 
several times with tap water. Finally it was rinsed with freshly prepared distilled water. 
This cleaning method was repeated after each measurement and before taking a polymer 
solution of a different concentration into the viscometer. The viscometer was introduced 
into constant temperature bath (maintained at 30 ± 0.1 °C) and clamped to a stand to hold it 
vertically. About 25 ml of freshly prepared distilled water was introduced into the 
viscometer and the viscometer was kept into the bath for about 20 minutes so as to allow 
the distilled water to come to thermal equilibrium with the bath. The distilled water was 
suctioned into the upper bulb of the viscometer through the capillary and time of flow in 
between the two marks was noted. Three consecutive readings were noted before taking the 
average value. This was noted as to. the time of flow of distilled water (solvent for the 
polymer). In the similar way, the time of flow of the polymer solutions at various 
concentrations were measured. The time of flow for the polymer solution was recorded as t. 
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the time ot flow ot polymer solution at concentration C. The reduced viscosity and inherent 
viscosity were calculated by using the following equations. 


Tlrcl = t/to 

llsp = Tlrd-l 

Tired ~ ^Isp /C 
Tlinh = (In rirelVC . 


The intrinsic viscosities of all the graft copolymers are reported in Table 3.1. 


3.4.3 IR Spectroscopy 


The IR spectra of chitosan, PAM and all the graft copolymers were recorded in solid state 
using KBr pellet. A PerK.in-Elmer-630 IR spectrophotometer was used to record the spectra 
in the range of 4000-400 cm'' wave numbers. 


3.4.4 Thermal Analysis 


DSC analysis of all the polymers was performed using Perkin Elmer, PYRIS, Diamond 
DSC (USA). TG and DTG analysis was done with Staton Redcroft (STA-625) Thermal 
Analyzer. The DSC, TG and DTG analysis was performed starting from room temperature 
at nitrogen atmosphere. A uniform heating rate, 10 °C/min was maintained in this 
experiment. 


3.4.5 Scanning Electron Microscopy (SEM) 


For SEM study of the polymer samples, JEOL, JSM-6360, SEM, (Model-7582) made in 
England was used. For this study, chitosan and all the graft copolymers were used in small 
granular forms. 


3.4.6 X-ray Diffraction Analysis (XRD) 

Chitosan and grafted chitosan were subjected for XRD analysis. A P W 1 840 diffractometer 
and PW-1716 X-ray generator (Phillips, Holland) were used for this study producing CuKa 
radiation. The powdered polymer samples were packed into the hole of 2 mm diameter in a 
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small container made oi Perspex about 1 .5 mm thick. The scattering angle (20) was varied 


from 10 to 50 degree. 


3.5 RESULTS AND DISCUSSION 


3.5.1 Synthesis 


The synthesis details of the graft copolymerization reaction based on chitosan and 
percentage of grafting are given in Table 3.1. 

The synthesis parameters like, amount of acrylamide and CAN were varied in order to 
observe the effect with varying the number or length of the grafted PAM chains. Two 
series of graft copolymers, a total of seven grades of graft copolymers were synthesized by 
grafting acrylamide onto the chitosan backbone. In the first series (1-lV) the amount of 
chitosan and CAN were kept fixed. Only the acrylamide concentration was changed. In the 
second series (V-VII) the amount of chitosan and acrylamide were kept constant whereas 
the amount of CAN varied. The mechanism of ceric ion initiated reaction involves in the 
formation of chelate complexes [71]. CAN decomposes to generate free radical sites on the 
chitosan backbone [73,110]. The active free radical thus created reacts with acrylamide 
monomers and generate PAM side chains onto the backbone of chitosan.The average 
number of grafting sites per backbone molecule depends on the ratio of the concentration 
of the ceric ion to chitosan. Following a simplistic approach, a low concentration of 
initiator should initiate a few grafting sites resulting longer polyacrylamide chains as 
against a high concentration of initiator that will initiate a large number of grafted sites thus 
making the average polyacrylamide chains shorter for the same acrylamide concentration. 
This is reflected in the graft copolymers in the series (Table 3.1). 

Table 3.1 shows that there is an increase in percentage of conversion upto a certain value 
of the increase in the monomer concentration. Thereafter, the percentage of conversion 
decreases with increase of monomer concentration. This may be attributed to the limited 
number of active centers available for grafting on the backbone and more monomer units 
competing for the same sites. The decrease in the percentage of conversion with an 
increase in monomer concentration indicates the termination reactions will be more 
favourable after the saturation of the grafting sites. 

The table (Table 3.1) also indicates that with the increase of initiator concentration, the 
oercentage of conversion increases upto a certain value then it decreases with further 
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increase in the initiator concentration. This may be attributed to the fact that at higher 
initiator concentration, the active sites for grafting increases onto the backbone of the 
chitosan molecules but at the same time some of the initiator could be used in the 
termination reactions thereby decreasing percentage of conversion. 

It should be noted here that the chitosan powder is not dissolving in neutral water. It is 
dissolving only in dilute acidic solution (not in all acids). This solution can be kept in bottle 
for few months if the bottle is amber coloured. The effectiveness of chitosan as flocculant 
improves on storage. This may be attributed for the slow dissolution of the chitosan 
moieties accompanying the weakening of the association between the polymer chains. 

Eromosele [365] described that the percentage of grafting increases with increase in acetic 
acid concentration between 0.5 % and 1 % and then the grafting yield decreases with 
increase in acetic acid concentration. The maximum percentage of grafting obtained when 
the chitosan is dissolved in 1 % acetic acid. The increase in the grafting yield with increase 
of acetic acid concentration (upto 1 %) may be due to the kinetics, which favours redox 
reaction between chitosan backbone and the monomer units. Further increase of the acetic 
acid concentration may be partially terminating the radical formation on the chitosan 
backbone, resulting in reduction of the graft yield. 

It is well known that an amide moiety looses an equivalent of ammonia upon heating and is 
condensed to an imide. These intermolecular moieties will have larger agglomeration and 
they are resistant to solvents. This type of polymer solution may be less effective as a 
flocculant according to the bridging mechanism. PAM heated over 175 °C will under go 
imidisation. Even drying at moderate temperature for prolonged time will initiate 
imidisation. So, to prevent all these problems, drying was undertaken at 60 °C for about 2 
hours. 

Elvan et ai. [366] observed that even in the absence of monomer there was an increase in 
the mass of the chitosan. This effect must be due to the precipitation of the insoluble 
cerium salts in the medium. It should also be noted that chitosan has an aftinity towards 
metal ions [19, 21]. It may be probable that some sort of complexation between chitosan 
and free ceric ions also occurs during grafting. They concluded that it is not possible to 
separate ceric ions from grafted chitosdn, since their solubility behaviour is similar. So, 
there is always a possibility of unavoidable increase of viscosity of the graft copolymers 
even when they are in the storeroom. 
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3.5.2 Elemental Analysis 

The results ot elemental analysis of chitosan and the graft copolymers are given in Table 
3.2. It was found that the percentage of nitrogen increases with increase in grafting. Among 
the graft copolymers, Chito-g-PAM6 and Chito-g-PAM4 have the highest percentage of 
nitrogen. Even though the content of nitrogen is same in both Chito-g-PAM4 and Chito-g- 
PAM6, the flocculation performance of Chito-g-PAM6 is better. This may be due to the 
PAM chain length. In Chito-g-PAM6, the length of PAM chain may be higher that that in 
Chito-g-PAM4. The higher intrinsic viscosity of Chito-g-PAM6 (Table 3.1) also indicates 
the longer chain length in Chito-g-PAM6. 


Table 3.2 Elemental analysis of chitosan and grafted chitosan 


Polymer 

Carbon (%) 

Hydrogen (%) 

Nitrogen (%) 

Chitosan 

40.36 

6.68 

7.65 

Chito-g-PAM4 

41.60 

7.09 

16.22 

Chito-g-PAM5 

41.61 

7.19 

15.83 

Chito-g-PAM6 

41.58 

7.32 

16.22 

Chito-g-PAM7 

41.60 

7.48 

15.85 


3.5.3 Intrinsic Viscosity 

The intrinsic viscosity of a polymer is the measure of its hydrodynamic volume in 
solution, which in turn depends upon its molecular weight, structure and nature of the 
solvent and the temperature of the medium. Keeping the other factors constant, for two 
polymers of approximately similar molecular weight, a branch polymer will have lower 
hydrodynamic volume and hence lower intrinsic viscosity in comparison with its linear 
counterpart. Furthennore, along a series of branch copolymers the longer the branches are, 
the higher will be the intrinsic viscosity and vice-versa. This has been observed in practice. 

The intrinsic viscosity of Chito-g-PAM4 to Chito-g-PAM6 increases with decrease in 
amount of CAN concentration (Table 3.1). This is due to the formation of very small 
number of active sites onto the backbone of the chitosan molecule. Acrylamide molecules 
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were only grafted at those active sites and the PAM side chain length increases. The 
increase in the PAM side chain length increases the hydrodynamic radius of the copolymer 
and this is the reason tor the increase in the intrinsic viscosity of the graft copolymers from 
Chito-g-PAM4 to Chito-g-PAM6. The intrinsic viscosity of chitosan and PAM was found 
to be 31.668 dl/g and 6.269 dl/g respectively (in O.OIM NaCl solution). The higher intrinsic 
viscosity of chitosan is assumed to be due to the rigid backbone structure and lower 
solubility. The plot of intrinsic viscosity chitosan and PAM are shown in Figure 3.2 and 
Figure 3.3 respectively. 
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Figure 3.3 Variation of viscosity of PAM with concentration 


3.5.4 Calculation of Approximate Molecular Weight 


Molecular weight of the polymer samples can be estimated from the intrinsic viscosity [rjj 
value. The Mark-Houwink equation, [q] = KM“ is generally employed for the estimation of 
the molecular weight [M] of the linear polymers. Where, K and a are constants for a given 
polymer/ solvent / temperature system. 

For Polyacrylamide the value of K and a are given below [90-92]. 
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Where M,, is the number average molecular weight and is the weight average molecular 
weight. 

Graft copolymers were synthesized following two steps. The first step is associated with 
opening of the chitosan ring and generation of free radicals at the ring opening sites. The 
second step is associated with the grafting of acrylamide monomers onto those free radicals 
so generated. The open ring structure imparts slight flexibility to the backbone. Moreover 
the percentage of polysaccharide in graft copolymer is small in comparison with the PAM. 
Hence in case of grafted polysaccharides; several workers [1 14,1 15] have used the Mark- 
Houwink equation to estimate approximate molecular weight, which is applicable for linear 
polymers. The same has been done in the present case. In the present calculation, the values 
of K and a have been taken from the second chapter (2.4.2).The approximate viscosity 
average molecular weights of the graft copolymers are given in Table 3.1. 

3.5.5 IR Spectroscopy 

The grafting of PAM onto the backbone of chitosan was confirmed by IP, spectroscopy. 
The IR spectra of chitosan, PAM and product are shown in Figures 3.4 -3.6. Figure 3.4 is 
showing the characteristic bands of 0-H and N-H at 3429 cm'' and 3292 cm'' respectively. 
The broad pyranose ring characteristic band of chitosan is clearly observable in 1081 cm'' 
region. The band at 2882 cm'' is due to C-H stretching vibration. The presence of bands 
around 1420 cm'' and 1381cm'' are assigned for -CH 2 scissoring and -0-H bending 
vibrations respectively. The presence of a band at around 1033 cm'' is due to the stretching 
of ether linkage (-CH 2 -O-CH 2 -). 

In the IR spectra of PAM (Figure 3.5), a broad band at 3432 cm'' is observed. This band is 
assigned for the N-H stretching of the NH 2 group. Two bands around 1691 cm'' and 1642 
cm^' are due to amide-I (carbonyl group) and amide-Il (NH bending). The bands around 
1342 cm'' and 2930 cm'' are for the C-N and C-H stretching vibrations respectively. Other 
bands at 1450 cm'' and 1320 cm'' are attributed to CH 2 scissoring and CH 2 twisting 
respectively. 
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Figure 3.4 IR spectra of chitosan 


Figure.3.6 shows the IR spectra of product. The presence of a broad absorption band at 
3445 cm*' is due to the overlapping of -0-H stretching band of chitosan and -N-H 
stretching band of the amide group of PAM. Two bands at around 1 653 cm ’ and 1603 cm 
are due to the amide-1 and amide-II bending respectively. 

The absence of a sharp absorption band around 3450 cm ' indicates the absence of free - 
OH groups of chitosan, which probably is involved in some hydrogen bonding. The 
absorption frequency of -0-H is shifting from 3429 cm'' in chitosan to 3445 cm'' in 
product, which indicates more hydrogen bonding in product in comparison with chitosan. 
The ether linkage (-CH 2 -O-CH 2 -) band is observed at 1118 cm"'. The presence of the 
above bands in the product is strong evidence of the grafting. 
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Figure 3.5 IR spectra of PAM 
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Figure 3.6 IR spectra of product 
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3.5.6 Scanning Electron Microscopy (SEM) 

Figure 3.7 shows the SEM of chitosan; PAM and PAM grafted chitosan copolymer. The 
figure shows that the surface morphology of chitosan has been remarkably changed by the 
grafting of PAM onto the backbone of chitosan. 


Figure 3.7 Scanning Electron Micrographs of (a) chitosan, (b) PAM and (c and d) 

grafted chitosan 
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3,5.7 Thermal Analysis 

3.5.7. 1 Dit'ferential Scanning Calorimetry (DSC) 

The differential scanning calorimetric measurement (Figure 3.8) was done in nitrogen 
atmosphere. For chitosan the first thermal event registered in the sample was a wide 
endothermic peak centred at 125-147 °C with an onset at 70-117 C. The onset of the 
endothermic peak may be related to pressure build up because of water evaporation inside 
the pans. 



Figure 3.8 DSC curves of chitosan and Chito-g-PAM6 


Polysaccharides usually having a strong affinity for water and in the solid state these 
macromolecules may have disordered structures, which can be easily hydrated. As is 
known, the hydration properties of these polysaccharides depend on the structures. 
Therefore, the endotherm related to the evaporation of water is expected to reflect the 
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physical and molecular change during N-deacetylation. There is a change in the slope 
appearing just before the endotherm. Pizzoli et al. [367] described that the origin of this 

transition was interpreted due to the local relaxation of the backbone chain of the 
polysaccharide.The endothermic peak at around 163 is due to the evaporation of the 
bound water associated with the hydrophilic groups of the chitosan [367]. 

As for the Chito-g-PAM6, the endothermic peak shifted to higher value range depending 
on the length of the side chains. This could be attributed to the much stronger interaction 
between the water and the grafted chitosan chains, since the crystallinity of chitosan has 
been largely decreased after grafting. The endothermic peak at 162 ”C, which is seen in 
chitosan, is hidden under the broad endotherm in Chito-g-PAM6 copolymer. 

A peak at 253 °C is due to the loss of ammonia. It has been reported that PAM degrades in 
the temperature range of 175 °C to 300 °C by the formation of imide group via cyclization 
[368]. The peak at 390 °C is for the decomposition of the cyclized imide groups. 

3.5.7.2 Thermo gravimetric Analysis (TG and DTG) 


The TG curves of chitosan and Chito-g-PAM6 are shown in Figures 3.9 and 3.10. In case 
of chitosan, two distinct zones are observed where the weight is being lost. The initial 
weight loss starts at 34 °C and continues upto 223 °C, which is due to the loss of small 
amount of adsorbed and bound moisture in the sample. The second loss is due to the 
degradation of the chitosan and it will continue upto 409 ^C. 

The Chito-g-PAM6 undergoes weight loss in three distinct stages. The first weight loss, 
which occurred between 34 and 230 is due to the loss of adsorbed and bouna water 
in the sample. There is nearly 10 % weight loss due to the liberation of water. The second 
weight loss starting from 230 to 348 with about 22.6 % w'eight loss is due to the 
degradation of the chitosan in the graft copolymer. The third loss, which continues upto 
490 °C with a weight loss of 71%, is due to the degradation of the polymer grafted by 
random chain scissoring. 




Chapter-1 n 


200 300 400 500 600 700 800 900 

Temperature( °C) 


Figure 3.9 TG curve of chitosan 


TG curve of Chito-g-PAM6 


3.10 TG curve of Chito-g-PAM6 
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Figure 3.11 DTG curve ofchitosan 
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Figure 3.12 DTG curve of Chito-g-PAM6 
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Differentia! thermogravimetric analysis curves (Figures 3.11 and 3.12) shows the thermal 
decomposition behaviour of the two distinct polymers in details. The maximum 
decomposition temperature of chitosan appeared at 295 °C, is ascribed to the dehydration 
of the polysaccharide rings and depolymerisation of the acetyl and deacetylated units of the 
polymer. The same decomposition peak is also observed in Chito-g-PAM6 copolymer with 
a little shift to the higher temperature. Another sharp peak in DTG curve of Chito-g-PAM6 
at 387 '’C is attributed to the decomposition of the cyclized imide rings [264,266,373]. So it 
can be concluded from the above discussion that the Chito-g-PAM6 has higher thermal 
stability than the chitosan itself. 

3.5.8 X-ray Diffraction 

X-ray diffraction patterns of chitosan and Chito-g-PAM6 are described in Figures 3.12 and 
3.13 respectively. The X-ray diffraction pattern shows a sharp peak at 24 degree which is 
attributed due to the crystallinity. The crystallinity decreases with the incorporation of the 
PAM into the backbone of the chitosan can be seen from the hump in X-ray diffraction 
pattern of Chito-g-PAM6 copolymer. 
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Figure 3.13 X-ray diffraction pattern of chitosan 
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3.6 SUMMARY 

Through this chapter, the main emphasis is on the synthesis of a series of graft copolymers 
(Chito-g-PAMl-Chito-g-PAM7) and their characterization. PAM was grafted onto the 
backbone of chitosan. The grafting was confimied by different material characterization 
techniques such as elemental analysis, IR spectroscopy, SEM, thermal analysis and XRD 
analysis. Elemental analysis shows that with the increase in acrylamide concentration, the 
percentage of nitrogen increases and reaches a maximum value. The intrinsic viscosity of 
Chito-g-PAM6 was found highest among all the graft copolymers. It indicates the higher 
hydrodynamic radius of the graft copolymers which is a proof of longest P AM side chain. 
Comparing the thermal stability of chitosan and Chito-g-PAM6, it was found that the 
thermal stability of graft copolymer is higher than the chitosan. The higher thermal .stability 
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of the graft copolymer is due to the presence of the PAM chains. The PAM chains, upon 
heating, release ammonia and form imide rings. The X-ray diffraction pattern shows that 
grafting decreases the percentage of crystallinity. The decrease in crystallinity is due to the 
incorporation of the PAM chains, which breaks the intermolecular attraction among the 
chitosan molecules and also disturbs the regularity of chitosan chain due to random nature 
of PAM grafting onto the backbone of chitosan main chains. 
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4.1 MATERIALS 

Kaolin was supplied by B.D. Pharmaceuticals works, Howrah, India. Iron ore was obtained 
from Joda Mines, India. Silica was produced from Jyoto Chemicals, Mumbai, India. 
Bentonite was obtained from March limited, Worli, India. All the other chemicals used in this 
study were laboratory grades. 

4.2 EXPERIMENTAL 

4.2.1 Measurement of Zeta Potential 

Zeta potential was measured by Particle Micro Electrophoresis (Apparatus Mark-ll) made in 
England. The details of the procedure for the measurement are outlined below. 

4.2.1. 1 Measurement Procedure 

Suspensions of fine solids were prepared by the dispersion of 50 grams of the samples in 100 
ml of distilled water. The pH levels were adjusted by adding either hydrochloric acid or 
sodium hydroxide. The samples were then digested for few hours to get equilibrium. The 
clean liquid from the top of each beaker was poured into the cell and the electrodes were 
introduced into it. After switching on the illumination beam, its position was adjusted to 
illuminate the top of the surface of the sample cell. Then the illuminating object was moved 
until the particles were visible on the monitor screen. The time (t) taken by a particle to cross 
a grid was observed. The particles were timed successively in opposite direction (by changing 
the field of direction) on minimizing the polarization effect. It was usually considered 
necessary to time at least ten particles at each direction and take a mean velocity. Knowing 
the average value oft, under the applied voltage V, the Zeta potential is calculated. The sign 
of Zeta potential was governed by the direction of the movement of the particles v/ith respect 
to the applied field. The formula of Zeta potential by which it can be measured is given in the 
literature section (Chapter-Ill). The results are shown in Table 4.1. 


4.2.2 Measurement of Particle Size Distribution 

Particle size distribution was measured on Malven 3601 Particle Size Analyzer, made in 
England. The particle analyzer works on the principle of laser diffraction. The particles were 
introduced to the analyzer beam in liquid dispersion in the sample cell. Particles were well 
dispersed ultrasonically. The scattered light fell on a special design detector, in the form of a 
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series of 3 Iconcentric annular rings. The detector, provided with an electric output signa', 
proportional to the light energy measured over 31 separate solid angles of collection. The 
computer read the signal and performed the time averaging by successively reading the 
detector over a period of time set by the operator and summing the data. The computer gave 
the output in the form of a histogram and cumulative percentage of size distribution. The 
result is shown in Table 4.2. 

Table 4.1 Zeta potential of the colloidal suspensions , 


Name of the Colloidal 

Suspension 

pH 

Zeta Potential (mV) 

Kaolin 

Neutral 

-2.3 

Iron Ore 

Neutral 

-38.0 

Silica 

Neutral 

-51.98 

Bentonite 

Neutral 

-50.1 


Table 4.2 Average particle size of the colloidal suspensions 


Name of the Colloidal Suspension 

Average Particle size (nm) 

Kaolin suspension 

102 

Iron ore suspension 

700 

Silica suspension 

250 

Bentonite suspension 

220 
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4.2.3 Average Chemical Composition of the Colloidal Particles 


The average chemical composition of kaolin, iron ore, silica and bentonite particles are given 

in Table 4,3. 

Table 4.3 Average chemical composition of the colloidal particles 


Particles 


Kaolin 


Bentonite 


4.2.4 Scanning Electron Micrograph Analysis of Particles 


The surface structure of all these particles used in this study were observed using SEM. 
Figure 4.1(a, b) shows the characteristics flaky nature of the kaolin particles. The sharp 
spikes are believed to be the collapsed structure of the typically layered cards found in kaolin 
particles. 


Figure 4.1(a, b) Scanning electron micrograph of kaolin powder 
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Figure 4.1 (c, d) Scanning electron micrograph of iron ore 


The silica particles have irregular and broken structure. It has smooth surface texture, 
seen from the SEM micrograph (Figure 4,1 (e, f)). 


Figure 4.1 (e, f) Scanning electron micrograph of silica powder 
Bentonite has spherical structure with small flakes attached to the big particles. This can be 
seen from the Figure 4.1(g, h, i). 
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Figure 4.1 (g, h, i) Scanning electron micrograph of bentonite powder 


4.2.5 Flocculation Studies 

The flocculation characteristics of chitosan, PAM and all the graft copolymers were 
investigated using the column settling and jar test methods. 


This test employs a 100 ml stoppered graduated cylinder and a stopwatch. First of all, the 
slurry sample is taken in the cylinder and then polymer solution is added to it. The cylinder is 
inverted 10 times for thorough mixing. After that the cylinder is set upright and the height of 
interface between water and settling solid bed is measured over time. 


The flocculator was supplied by M.B. Flocculators, Mumbai, India. It consists of six pedals 
on a bench connected to each other by gear mechanism. All the pedals rotate simultaneously 
by a motor with the provision of speed control. The following procedure was adopted 
uniformly in all the cases. 400 cc of different effluent suspensions were taken in one-liter 
jars. The jars were placed on the flocculator bench dipping the stirrer blade in the 
suspensions. A polymer stock solution was prepared. From the stock solution, desired amount 
of polymer solution was added to each jar. Immediately after addition of polymers to all the 
jars, the mixtures were stirred at a constant high speed of 75 rpm for two minutes. This 
allows the polymers to mix properly with the suspensions. The mixtures were then stirred at a 
constant speed of 25 rpm for another five minutes. This allows the polymers to form floes. 
The floes were allowed to settle for next ten minutes. After that, supernatant liquid was 
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drawn Irom each of the jars and its turbidity was measured by digital Nephelo Turbidity 
Meter. I'he turbidity is expressed in Nephelo Turbidity Unit (NTU). The turbidity versus 
polymei dosage graph shows the flocculation efficiency of a particular polymer for a 

particular suspension. 

4.2.6 Measurement of Supernatant Turbidity 

Before measuring the turbidity of the test suspension, the turbidity meter is calibrated with 
the standard Formazin Suspension. Formazin polymer has been used as a reference turbidity 
standard suspension, because it is easy to prepare and its light scattering property is more 
reproducible than clay or turbid natural water. 

The turbidity of the supernatant liquid was measured with a Systronics Digital Nephelo 
Turbidity Meter-132, supplied by Systronic, Ahmedabad, India. The principle of operation of 
the instrument is based on the well-known Tyndal Effect. A beam of light passing through a 
turbid liquid being tested scatters the light, which is collected at right angles by a photocell 
and is indicated on a digital display. The amount of scattered light is proportional to the 
turbidity of the solution under test. 

4.2.6.1 Preparation of Stock Turbidity Suspension 

One gram of hydrazine sulfate, [(NH 2 ) 2 H 2 S 04 ] was dissolved in 100 ml freshly prepared 
distilled wa^er. 10 grams of hexamethylene tetramine, [(CH 2 ) 6 N 6 ] was dissolved in 100 ml of 
distilled water. 5 ml of each of the above solutions were taken in a 100 m.l volumetric flask 
and the mixture was allowed to stand for 24 hours. The volume was made up 100 ml. This 
was a stock solution for 400 NTU. 

4.2.6.2 Preparation of Standard Turbidity Suspension 

10 ml of this turbidity suspension was diluted to 100 ml with distilled water. The turbidity of 
this suspension was defined as 40NTU. • 

4.2.6.3 Measurement Procedure 

A. Calibration of the Turbidity Meter 

The following procedure was used after installation of the instrument. The calibration was 
made for the range of 0-40 NTU. 

I. Calibration control was set to maximum. 
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II. The measuring cell with distilled water was introduced into the cell holder and was 
covered with the light shield. 

III. 1 he set zero controls were adjusted till the meter indicates zero reading. 

IV. The cell was removed and the distilled water was replaced with a standard solution of 
40 NTU. Care has been taken to align the cell properly with the marking on the cell 
holder. 

V. The calibration control was now adjusted such that the turbidity of the standard 
solution (40 NTU here) was shown in the digital panel meter. This position of the 
calibration control was kept fixed for this range (0-40 NTU), unless a separate 
calibration was necessary for a different range (say, 0-100 NTU). 

VI. The instrument was ready for testing samples. Cell containing the unknown test 
sample was replaced and the reading was noted from the digital panel meter. 

B. Measurement of Turbidity less than 40 NTU 

For such test suspensions, the turbidity was directly noted from the instrument digital panel. 

Care was taken that suspension was free of bubbles. 

C. Measurement of Turbidity above 40 NTU 

For highly turbid suspensions, the samples were diluted with distilled water until turbidity 

values were reduced to less than 20 NTU. 

The turbidity of the original suspension was computed from the turbidity of diluted sample 

and the dilute factor. 

Calculation: , ,, 

a{a + b) 

Nephlometric Unit (NTU) = c 

Where, a = NTU found in diluted sample, 
b = Volume of dilution water in ml. 
c = Sample volume taken for dilution in ml. 
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4.3 Ri:SULTS AND DISCUSSION 

4.3.1 I'lie Settling Test Results 

The scllling test ot chitosan, PAM and all grafted copolymers were carried out in four 
different suspensions namely, kaolin, iron ore, silica and bentonite. The flocculation 
performance of these suspensions has been studied at various concentrations for distinct 
observation. In each case the settling time was plotted against the height of interface. The 
flocculation performance of a particular polymer could be correlated with the settling velocity 
for a particular suspension. The greater the velocity of the floe containing particles, the better 
will be its flocculation performance. 

4.3. 1.1 Flocculation of the Kaolin Suspension 

The flocculation performance of all the PAM grafted chitosan (Chito-g-PAM4 to Chito-g- 
PAM7) was studied in 3wt% kaolin suspension. The result was given in Figure-4.2. The 
optimal polymer dose for flocculation was calculated and it was taken 10 ppm. From the 
figure it can be clearly observed that Chito-g-PAM6 is showing better flocculation 
performance among all the graft copolymers. 

Furthermore, the flocculation efficiency of Chito-g-PAM6 was compared with native 
chitosan and PAM solutions (Figure-4.3). It was observed that the flocculation efficiency of 
the graft copolymer is better than both the ungrafted chitosan and PAM solutions. This may 
be due to the dangling PAM side chains onto the backbone of chitosan. In case of graft 
copolymers the branches are able to come closer to the suspended particles in a better way as 
per Singh’s Easy Approachability Model [14]. 
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Figure 4.3 Settling curves for kaolin suspension with addition 
of chitosan, PAM and Chito-g-PAM6 
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calculated Irom the slope ot the initial portion of the curves. In the flocculation study of the 
graft copolymers for kaolin suspension, a satisfactory linearity was maintained for about 20 
cm fall of the interface. 


4.3. 1.2 Flocculation of the Iron Ore. Snsnensinn 


Figure 4.4 represents the flocculation efficiency of all the grades of PAM grafted chitosan 
copolymers (Chito-g-PAM4 to Chito-g-PAM7) in 3 wt% iron ore suspension. It has been 
observed that Chito-g-PAM6 shows better flocculation performance among all the graft 
copolymers. 
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Figure 4,4 Settling curves for iron ore suspension with addition 
of PAM grafted chitosan copolymers 
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Figure 4.5 compares the flocculation efficiency of Chito-g-PAM6 with chitosan and PAM 
solution. It can be easily observed from the curves that Chito-g-PAM6 is far better flocculant 
than both the chitosan and PAM solutions in iron ore suspension. 
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Figure 4.5 Settling curves for iron ore suspension with addition 
of chitosan, PAM and Chito-g-PAM6 
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4.3. 1.3 Flocculation of the Silica Suspensio n 

The flocculation cliaiacteristics ol all the grali copolymers (Chito-g-PAM4 to Chito-g- 
PAIV17) in 3 vvt/o silica suspension are shown in I'igure 4.6. The flocculation characteristic of 
the Chito-g-PAM6 is better than all the graft copolymers. 



S^ingtirrE(sec) 


Figure 4.6 Settling curves for silica suspension with addition of 
PAM grafted chitosan copolymers 


Again, the grafting efficiency of Chito-g-PAM6 is compared with chitosan and PAM 
solutions. The results are given in Figure 4.7. It has been observed that ChitQ-g-PAM6 is 
showing better flocculation performance than both the chitosan and PAM solutions. 
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Figure 4.7 Settling curves for silica suspension with addition 
of chitosan, PAM and Chito-g-PAM6 
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4.3.1.4 Flocculation of the Bentonite Suspension 


The flocculation characteristics of all the graft copolymers (Chito-g-PAM4 to chito-g-rAM/) 
in 1 wt% bentonite suspension were compared and shown in Figure 4.8.The flocculation 
characteristic of the Chito-g-PAM6 is best among all the graft copolymers. 

Again, the flocculation efficiency of a Chito-g-PAM6 was compared with native chitosan and 
PAM solutions in bentonite suspension and the results are shown in Figure 4.9. Results show 
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Figure 4.8 Settling curves 
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4.3.2 Jar Test Results 

4.3.2. 1 Flocculation of the Kaolin Suspensinn 


m uoccuiauon etticiency of all the PAM grafted chitosan copolymer 

was compared with 0.25wt% kaolin suspension. The turbidity of the supernatant liquid after 
flocculation has been measured by plotting turbidity versus polymer dosage. The 
enhancement of the flocculation efficiency of the PAM grafted chitosan copolymer was 
believed to be due to polymer bridging [369,370]. 

It has been observed from Figure 4.10 that Chito-g-PAM6 shows better flocculation 
performance than other graft copolymers in jar test for kaolin suspension. This is because of 
the presence of the fewer but longer PAM chains in Chito-g-PAM6. 
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Figure 4.10 Jar test results for kaolin suspension (0.25w't %) with 
addition of PAM grafted chitpsan copolymers 
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I igurL ^.11 repitsents me llocculation efficiency of all the graft copolymers in 0.25wt% iron 
ore suspension. Here also, Chito-g-PAM6. which is believed to have longer PAM chains, 
shows bettei Hocculation perlormance than the other graft copolymers. At Ippm polymer 
dose, almost all the giatt copolymers shows their corresponding minimum turbidity value 
(Figure 4.11) and after that increase in the polymer dosage increases the turbidity values due 
to deflocciilation effect. 


Chit(>g-P/WI4 

CNtog-RAM5 

Chitc>g-P/WI6 

CHtog-P/WI? 


aa1<imj=24 


R}|ynnerdosage(ppm) 


Figure 4.11 Jar test results for iron ore (0.25wt %) suspension with 
addition of PAM grafted chitosan copolymers 
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4.3.2.3 Flocculation ol the Silica Suspension 

In Figure 4.12 (locculalion efficiency of all the graft copolymers were compared in 0.25wt% 
silica suspensions, llcic, Chito-g-PAM6 again shows best flocculation performance among 
all the PAM grafted chitosan copolymers. 



Figure 4.12 Jar test results for silica suspension (0.25wt %) with 
addition of PAM grafted chitosan copolymers 
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4.3.2.4 Flocculation of the Bentonite Suspension 

In Figure 4.13 flocculation efficiency of all the graft copolymers was compared in 0.25wt% 
bentonite suspension. Here, Chito-g-PAM6 shows best flocculation performance among all 
the PAM grafted chitosan copolymers. It should be noted here that not only the nature of the 
polymeric flocculants, structure and molecular weight but also the nature of the colloidal 
particles and their surface properties plays an important role in flocculation. 



Figure 4.13 Jar test results for bentonite suspension (0.25wt %) with 
addition PAM grafted chitosan copolymers 
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4.4 SUMMARY 


Table 4.4 Settling rate of chitosan and PAM grafted chitosan copolymers 


Polymer 


Chitosan 


Chito-g-PAM4 


Chito-g-PAM5 


Chito-g-PAM6 


Chito-g-PAM7 


Settling Rate (cm /sec) 1 

Kaolin 

Iron Ore 

Silica 

Bentonite 

0.150 

0.1735 

0.128 

0.192 

0.387 

0.371 

0.4968 

0.277 

0.519 

0.447 

0.498 

0.310 

0.580 

0.549 

0.654 

0.337 

0.580 

0.402 

0.539 

0.298 
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HYDROLYSIS 


I’arlially Alkaline Hydrolysis 


5.1 INTRODUCTION 

It has been observed that on grafting PAM onto the polysaccharide backbone, the flocculation 
characteristics enhances tremendously. This is because of the easy approachability of the 
polyacrylamide chains grafted onto the rigid robust polysaccharide backbones to contaminant 
particles in the effluents. Many researchers [216,369] have also investigated the flocculation 
by partially hydrolyzed PAM. The partially hydrolyzed product showed better performance 
than PAM itself. Huguenard et al. [216] studied the aggregation kinetics of hematite in the 
presence of neutral and hydrolyzed polyacrylamide at low hydrolysis ratios and showed that 
the hydrolyzed polyacrylamide has been performing better than the PAM. On hydrolysis, the 
-CONH 2 groups of the PAM are converted to -COO' groups and the hydrolyzed products 
acquire a polyelectrolyte character. The repulsion among the -COO' groups expands the 
polymer coils and thus increases the solution viscosity of the hydrolyzed products. The 
expansion of the coils also enhances the flocculation characterization. 

Keeping this in mind, PAM grafted chitosan copolymers were partially hydrolyzed. The 
hydrolysis reaction was carried out with sodium hydroxide. By varying the amount of sodium 
hydroxide, various grades of partially hydrolj'zed products were synthesized. This section 
describes the flocculation efficiepcy of the partially hydrolyzed copolymers having 
straightened and expanded side PAM chains in details. As it has been observed that among all 
the graft copolymers, Chito-g-PAM6 showed the best flocculation performance, therefore, 
only this graft copolymer was partially hydrolyzed. 

5.2 MATERIALS 

Chitosan was a gift from Central Institute of Fisheries Technology, Cochin, India. Sodium 
hydroxide was procured from E. Merck, Mumbai, India. The other chemicals used here were 
referred in Chapter -III and IV. 

5.3 ALKALINE HYDROLYSIS OF Chito-g-PAM6 

Among the various grades of graft copolymers based on chitosan, the best .performing Chito- 
g-PAM6 was chosen for the hydrolysis and the partially hydrolyzed products are referred as 
Chito-hyd-1 toChito-hyd-5. 

Alkaline hydrolysis of Chito-g-PAM6 was performed as follows: 


114 


Chapter-V 



One gram oi Chito-g-PAM6 was dissolved in 250 ml of distilled water. Calculated amount 
of 1(N) NaOH was added to the solution at a particular temperature. The mixture was then 
stirred with a magnetic stirrer for an hour. At the end of the proposed reaction time, the 
content of the flask was poured in to the excess of acetone. The precipitated product was 
filtered and washed with acetone several times. It was then dried and pulverized. Five 
different partially hydrolyzed grades were synthesized by varying the experimental 
conditions. The details of the synthesis parameters are given in Table 5.1. 


Table 5.1 Synthesis details of alkaline hydrolysis of Chito-g~PAM6 



5.4 CHARACTERIZATION OF HYDROLYZED PRODUCTS 

5.4.1 Determination of Neutralization Equivalent (N.E.) of the Hydrolyzed 

Copolymers 

Neutralization equivalent (N.E.) is the equivalent of acid as determined by titration with 
standard base [370]. Neutralization equivalent of an acid can be determined by the following 
way: 

Let X grams of a sample of an unknown acid required Y ml of z (N) NaOH for complete 
neutralization. Since each 1000 ml of the base contains Z equivalents and the number of 
equivalents of base required is equal to the number of the equivalent of acid present. The 
equivalent weight of the acid will be equal to, 

ZxlOQQ 

VxZ 
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The neutralization equivalent (N.E.) of the graft copolymers and all the hydrolyzed products 
were determined by the following procedure: 

About 50 mg of each graft copolymer and the partially hydrolyzed products were dissolved in 
a 100 ml of distilled water in a conical flask. After that 25 cc of 0.0965 (N) HCl was added to 
each of the solution. The flasks were kept at room temperature for 5 hours under this 
condition. Then the solutions were back titrated with 0.0975 (N) NaOH solution. The 
difference between the titre value of only the HCl and the polymer solution gives the volume 
of alkali required for titrating the acid in the polymer. 

5.4.2 Elemental Analysis 

The elemental analysis of the partially hydrolyzed graft copolymers was performed using a 
Carlo Erba 1108 Elemental Analyzer. The estimation of only three elements i.e. carbon, 
hydrogen and nitrogen was done. The results are shown in Table 5.3. 

5.4.3 IR Spectroscopy 

The Infrared spectroscopy of Chito-hyd products were recorded in solid state using KBr 
pellet as discussed earlier. The results were compared with the IR spectrum of original 
corresponding graft copolymer. 

5.4.4 Scanning Electron Microscopy (SEM) 

The SEM of the partially hydrolyzed product was studied in granular form using the same 
instrument discussed in Chapter-III. 

5.4.5 Thermal Analysis 

DSC analysis of all the polymers was performed using Perkin Elmer, PYRIS, Diamond DSC 
(USA). TG and DTG analysis was done with Staton Redcroft (STA-625) Thermal Analyzer. 
The DSC, TG and DTG analysis was performed starting from room temperature at nitrogen 
atmosphere. A uniform heating rate, 10 °C/min was maintained in this experiment. 
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5,4.6 X-ray Diffraction 

The XRD analysis ot the partially hydrolyzed product (Chito-hyd-3) was recorded in a 
similar fashion and in the same instrument as discussed earlier (Chapter-Ill). 

5.5 FLOCCULATION STUDIES 

The flocculation studies of all the partially hydrolyzed graft copolymers were carried out 
using settling test and jar test methods in different aqueous suspensions. The detail of the 
methods was described in Chapter-111. 

5.6 RESULTS AND DISCUSSION 
5.6.1 Synthesis 

In hydrolyzing the graft copolymers, the aim was to straighten the flexible polyacrylamide 
chains onto the backbone of chitosan and then investigate their effect as flocculants. During 
the treatment of the graft copolymers with alkali (NaOH solution), the following reactions 
were expected to occur; (i) saponification of the amide groups to carboxyl groups (ii) 
deetherification and depolymerization reactions of the PAM components of the graft 
copolymers [371]. The extent of these reactions depends on the reaction conditions. Khalil et 
al. [372] observed that the alkaline hydrolysis of PAM-starch graft copolymer using NaOH 
concentration upto 1 (N) and temperature in between 80®C to 90°C leads only saponification 
reaction (conversion of-CONH 2 groups into -COO'Na'^). While using higher concentration 
of alkali, deetherification and depolymerization reaction occurs simultaneously with the 
saponification reaction. From the past experience ot our laboratory. [373] the neutralization 
equivalent (N.E.) is found to be higher at near room temperature than at higher temperature 
for partially hydrolyzed products. So, to get a higher N.E., all the hydrolysis reactions were 
carried out at room temperature (33 °C). 
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5.6.2 Characterization 

5.6.2. 1 Neutralization Equivalent Value 

The N.E. of the Chito-g-PAM6 and all its partially hydrolyzed products are given in Table 
5.2. 

Table .5.2 Determination of Neutralization Equivalent (N.E.) of 
Chito-g-PAM6 and its partially hydrolyzed products 


Polymer 

Volume of 

0.0975(N) NaOH 

(V 2 ) (ml) 

(v;-v2) 

(ml) 

N.E. (g) 

Chito-g-PAM6 

24 

0.75 

683.76 

Chito-hyd-1 

23 

1.75 

293.07 

Chito-hyd-2 

22.8 

1.95 

262.98 

Chito-hyd-3 

22.5 

2.25 

227.92 

Chito-hyd-4 

22.1 

2.65 

193.51 

Chito-hyd-5 

21.5 

3.15 

162.8 

Vi* is the volume 0 : 

f 0.0975 (N) NaOH to neutralize 25 ml of 0.0965 (N) HCl =24.75 ml. 


From the neutralization equivalent measurement of the partially hydrolyzed Chito-g-PAM6 
and the unhydrolyzed product, it can be concluded that the carboxyl content of the 
hydrolyzed product depends upon alkali concentration. In case of the partially hydrolysis of 
Chito-g-PAM6, the N.E. value gradually decreases from Chito-hyd-1 to Chito-hyd-5, due to 
f'''" increase in carboxyl content. 

5.6.2.2 Elemental Analysis 

As on hydrolysis, some -CONH 2 groups of the graft copolymers are converted to the -COO‘ 
groups and ammonia gas is also evolved during hydrolysis. Therefore, the % of nitrogen on 

the hydrolyzed products decreases. This is observed from Table 5.3. 
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Table 5.3 Elemental analysis of partially hydrolyzed and unhydrolysed Chito-g-PAM6 


Polymer 

Carbon (%) 

Hydrogen (%) | 

Nitrogen (%) 

Chito-g-PAM6 

41.58 

7.32 

16.22 

Chito-hyd-1 

38.85 

7.07 

12.48 

~ Chito-hyd-2 

38.06 

6.98 

12.12 

— — — 

Chito-hyd-3 

38.12 

6.95 

12.01 

Chito-hyd-4 

36.14 

6.13 

10.49 

Chito-hyd-5 

36.01 

6.12 

10.31 

1 


5.6.23 IR Spectroscopy 

The IR Spectra of Chito-g-PAM6 and partially hydrolyzed Chito-g-PAM6 (Chito-hyd-3) are 
given in Figure 5.1 and 5.2. It has been observed that all the peaks present in Chito-g-PAM6 
are also present in Chito-hyd-3 with a little change in intensity and frequency. 



Figure 5.1 IR Spectrum of Chito-g-PAM6 


* 
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Figure 5.2 IR Spectrum of Chito-hyd-3 


The formation of the carboxylate group can be proved by the presence of a strong asymmetric 
stretching at 1457 cm"' and a strong symmetric stretching at 1640 cm'. These are the 
characteristic bands for carboxylate salts. 


5.6.2.4 Scanning Electron Microscopy (SEM) 

Figure 5.3 shows the scanning electron micrographs of unhydrolyzed Chito-g-PAM6 and 
p»' ^ partially hydrolyzed Chito-g-PAM6 (Chito-hyd-3). The surface morphology of the partially 

hydrolyzed graft copolymer has changed remarkably in comparison with the grafted one. 
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Figure 5.2 IR Spectrum of Chito-hyd-3 


The formation of the carboxylate group can be proved by the presence of a strong asymmetric 
stretching at 1457 cm’' and a strong symmetric stretching at 1640 cm’'. These are the 
characteristic bands for carboxylate salts. 


5.6.2.4 Scanning Electron Microscopy (SEM) 

Figure 5.3 shows the scanning electron micrographs of unhydrolyzed Chito-g-PAM6 and 
partially hydrolyzed Chito-g-PAM6 (Chito-hyd-3). The surface morphology of the partially 
hvdrolvzed graft copolymer has changed remarkably in comparison with the grafted one. 
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(a) Chito-g-PAM6 


(d) Chito-hyd-3 


(c) Chito-g-PAM6 


Figure 5.3 SEM of Chito-g-PAM6 (a, c) 
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5.6.2.5.1 Differential Scanning Calorimetry (DSC) 


Chito-g-PAM6 

Chito-hyd-3 


Temperature( °C) 

Figure 5.4 DSC curves of Chito-g-PAM6 and Chito-hyd-3 

Figure 5.4 shows the DSC thermograph of Chito-g-PAM6 and Chito-hyd-3. From the graphs 
it can be seen easily that the hydrolyzed product decomposes at relatively lower temperature 
in comparison with the grafted one. 

The presence of carboxylate moieties in the hydrolyzed products adsorbed more water 
compared to the unhydrolyzed graft copolymer. The presence of large amount of water 
molecules breaks the intermolecular attraction of the graft copolymer and thus lowered the 
crystallinity and shifted the endotherm for water adsorption to a higher value. 



Chapter- V 



5.6.2.5.2 Thermogravimetric Analysis (TG and DTG) 

The TGA curves of Chito-g-PAM6 and Chito-iiyd-3 in nitrogen atmosphere are shown in 
Figures 5.5 and 5.6 respectively. The TG curve shows three distinct zones for 



Figure 5.5 TG curve of Chito-g-PAM6 



Figure 5.6 TG curve of Chito-hyd-3 
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The first zone is associated with the removal oi water. The second zone is associated with the 
decomposition oi the chitosan chain and the third one is associated with the decomposition of 
the Chito-g-PAM branches. These have been described in detail in the previous chapter 
(Chapter-Ill). 

The Chito-hyd-3 has only two distinct steps for decomposition. The first weight loss is due to 
the liberation of the adsorbed and bound water in the product. Nearly 19 % weight loss is 
observed when the product was heated from room temperature to 1 96 '’C. The second zone of 
weight loss is associated with the chain scissoring. It starts from 198 ”C and ranges upto 469 
®C. Nearly 58 % weight loss is observed in this zone. 


The maximum temperature for decomposition of Chito-g-PAM6 and Chito-hyd-3 can be 
easily seen from the DTG curves presented in Figures 5.7 and 5.8 respectively. 


Temperature( C) 


Figure 5.7 DTG curve of Chito-g-PAM6 
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Figure 5.8 DTG curve of Chito-hyd-3 

The DTG curve of Chito-hyd-3 shows three peaks. The first sharp peak is associated with the 
removal of the water molecules. The second and third are associated with the scissoring of 
the main chain and decomposition of the carboxylated branches. 

From the TGA data, it can be concluded easily that the thermal stability of the hydrolyzed 
product is much lower than the unhydrolyzed one. 

5.6.2.6 X-ray Diffraction 

The X-ray diffraction patterns of the Chito-g-PAM6 and Chito-hyd-3 are presented in 
Figures 5.9 and 5.10 respectively. The presence of PAM disrupts the intermolecular 
interaction among the chitosan chains and thus decreases the crystallinity of the Chito-g- 
PAM6. This has been discussed in Chapter-Ill. Partial hydrolysis of the grafted product 
introduced som.e new characteristics in the hydrolyzed product. The hydrolysed product has 
carboxylate groups, which are anionic in nature thus repels each other. Moreover they adsorb 
water molecules. These in return decreases the crystallinity of the hydrolyzed products. It can 
be easily seen from the Figure 5.10. 
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Figure 5.9 X-ray diffraction of Chito-g-PAM6 Figure 5.10 X-ray diffraction of Chito-hyd-3 


5.7 FLOCCULATION STUDIES 


5.7.1 The Settling Tests 


Settling Test was done to see how fast the flocculant could remove contaminants from the 
liquid. To see how fast the flocculant removes suspended particles, a 100 ml stoppered 
graduated cylinder and a stopwatch have been used. Homogeneous slurry of the particles was 
taken in the cylinder and then the hydrolyzed copolymer was added to the slurry and the 
cylinder was then inverted 10 times to mix the polymer with the slurry. The cylinder was set 
upright and immediate after that the height of the interface between water and settling solid 
bed is measured over time. 


5.7.1.1 Flocculation of the Kaolin Suspension 

The flocculation performance of all the partially hydrolyzed products was compared with 3 
wt% Kaolin suspension. It is presented in Figure 5.11. Chito-hyd-3 shows the best 
flocculating performance among all the partially hydrolyzed products. 
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Figure 5.11 Settling curves for kaolin suspension with addition 
of partially hydrolyzed graft copolymers 


Figure 5.12 represents the flocculation performance of chitosan, PAM, Chito-g-PAM6 and 
Chito-hyd-3 for 3 wt% kaolin suspension It shows that even though the settling rate of Chito- 
g-PAM6 is higher than Chito-hyd-3, the overall time taken by the Chito-hyd-3 is less than 
Chito-g-PAM6. This is due to the higher time taken for concentration of the floes in the case 
of Chito-g-PAM6 in comparison to Chito-hyd-3. 
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Figure 5.12 Settling curves for kaolin suspension with addition of 
chitosan, PAM, Chito-g-PAM6 and Chito-hyd-3 


5.7.1.2 Flocculation of the Iron Ore Suspension 

The flocculation efficiency of all the partially hydrolyzed products for iron ore suspension is 
represented in Figure 5.13. It is found that there is a steady decrease of interface height with 
no change of settling rate. This may be due to the larger particle size of the iron ore and 
higher specific gravity. Here Chito-hyd-3 shows better flocculation performance among all 
the partially hydrolj'zed products 





Ripcienaty=3wt% 
RDlyrrer dosage = 0.5ppm 


Chitohyd-1 

Crtto-hiyd-2 

Chito-hyd-3 

Crtto-hycl-4 

Chito-hyd-5 


Figure 5.13 Settling curves for iron ore suspension with addition of 
partially hydrolyzed graft copolymers 


Figure 5.14 describes the flocculation performances of Chito-hyd-3, chitosan, PAM and 
Chito-g-PAM6. It is evident from the curves that the flocculation efficiency of Chito-hyd-3 is 
better than chitosan but it is not showing better flocculation performance than either for PAM 
or Chito-g-PAM6. 
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Figure 5.14 Settling curves for iron ore suspension w'ith addition of 
chitosan, PAM, Chito-g-PAM6 and Chito-hyd-3 

5.7.1.3 Flocculation of the Silica Suspension 

The flocculation performance of all the partially hydrolyzed grades in 3wt% silica is 
described in Figure 5.15. It is found that the Chito-hyd-4 shows better performance among 
all the partially hydrolyzed copolymers. The reason for Chito-hyd-4 showing the best 
performance among all the grades and not the expected Chito-hyd-3 may be due to the 
competition between the approachability of the partially hydrolyzed copolymers towards the 
particle surface and the repulsion among the negatively charged polymer chains adsorbed 
onto the surface of the particle. 
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Figure 5.15 Setcling curves for silica suspension with addition of 
Partially hydrolyzed graft copolymers 


The flocculation performance of the Chito-hyd-4 is compared with the chitosan, PAM and 
Chito-g-PAM6 and it is depicted in Figure 5.16. In this figure Chito-hyd-4 is showing better 
flocculation performance than native chitosan solution but its settling rate is lower than both 
the PAM and Chlto-g-PAM6 solutions. 
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5.7.1.4 Flocculation of the Bentonite Suspension 

The flocculation performance of the partially hydrolyzed products with bentonite suspension 
is described in Figure 5.17 Due to experimental problem; the test was carried out with lwt% 
bentonite suspension. The polymer dosage for this experiment was a little bit higher than the 
expected to get a feasible settling rate. It is found that Chito-hyd-4 shows better flocculation 
performance among all the partially hydrolyzed grades. 



Figure 5.17 Settling curves for bentonite suspension with addition of 
partially hydrolyzed graft copolymers 

Figure 5.18 compares the flocculation performance of the Chito-hyd-4 with chitosan, PAM 
and Chito-g-PAM6 in lwt% bentonite suspension. The flocculation performance of Chito- 
hyd-4 is comparable to the PAM solution. 
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. Figure 5.18 Settling curves for bentonite suspension with addition of 
chitosan, PAM, Chito-g-PAM6 and Chito-hyd-4 

5.7.2 Jar Test Results 

\ Jar Test measures the efficiency of a flocculant to clarify the liquid in a given time. We have 

used the same flocculator kindly supplied by M.B. Flocculators, Mumbai, India. The stirring 
condition was also the same as before. Immediately after addition of the polymer to the 
solution, the solution was stirred at a constant speed of 75 rpm for next 2 minutes to make a 
homogeneous mixing of the polymer then a slow stirring at 25 rpm for another 5 minutes, 
which allows the polymer to form floes. The floes so developed were allowed to settle for 
next 10 minutes. The supernatant liquid was then drawn from each of the jars and measured 
the turbidity in a pre calibrated Nephelo Turbidity Meter. The same experiment was repeated 
for each sample for two to three times so that an average value of the turbidity can be 
obtained. 
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5.7.2. 1 Flocculation of the Kaolin Suspension 

In jar test, the floceulation efficiency of the all the partially hydrolyzed graft copolymers was 
compared in 0.25wt% kaolin suspension. The value of the turbidity of the supernatant liquid 
after flocculation has been plotted against polymer dosage and is given in Figure 5.19. The 
jar test result shows that the Chito-hyd-3 has better flocculation efficiency among all the 
partially hydrolyzed graft copolymers. All the partially hydrolyzed graft copolymers show a 
minimum supernatant turbidity value at 2.5 ppm polymer dosage. 



Figure 5.19 Jar test result for kaolin suspension (0.25wt%) with 
addition of partially hydrolyzed graft copolymers 
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5 . 1 . 2.2 Flocculation of the Iron Ore Suspension 

In jar test, the flocculation efficiency of all the partially hydrolyzed graft copolymers was 
compared in 0.25wt% iron ore suspension. The turbidity of the supernatant liquid after 
flocculation has been plotted against polymer dosage and is given in Figure 5.20. The jar test 
results show that the Chito-hyd-4 has better flocculation efficiency among all the partially 
hydrolyzed graft copolymers. All the hydrolyzed graft copolymers show a minimum value of 
turbidity at 0.25 ppm polymer dosage. After the minimum value further increase in the 
polymer dosage rapidly increases the turbidity value of the supernatant liquid. 
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Figure 5.20 Jar test results for iron ore suspension (0.25wt %) with 
addition of partially hydrolyzed graft copolymers 




5.7.2.3 Flocculation of the Silica Suspension 


In jar test, tlie flocculation efficiency of all the partially hydrolyzed graft copolymers was 
compared in 0.25 wt% silica suspension. The turbidity of the supernatant liquid after 
flocculation has been plotted against polymer dosage and is given in Figure 5.21. 
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Figure 5.21 Jar test results for silica suspension (0.25wt %) with 
addition of partially hydrolyzed graft copolymers 


The jar test results show that the Chito-hyd4 has better flocculation efficiency among all the 
partially hydroly'zed graft copolymers. Here from the figure it can be easily seen that the 
partially hydrolyzed copolymers are not showing minimum value of turbidity at the same 
polymer dosage. 
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5. 7.2.4 Flocculation of the Bentonite Suspension 
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flocculation has been plotted against polymer dosage and given in Figure 5.22. The jar test 
results show that the Chito-hyd-4 has better flocculation performance among all the partially 
hydrolyzed graft copolymers. The curves show a minimum value of turbidity of the 
supernatant liquid for the bentonite suspension at 0.25 ppm. After the minimum value further 
increase in polymer dosage rapidly increases the turbidity value of the supernatant liquid. 
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5.8 SUMMARY 

This chapter described the synthesis, charcterization and flocculation properties of various 
grades of paitially hydrolysed products. It is believed that hydrolysis straighten the polymer 
chain. To achieve closer approach of the hydrolyzed PAM chains to the suspended particles 
(as per Singh s Easy Approachability Model) various grades of products were prepared using 
different amount of NaOH solution. Here Chito-g-PAM6 was used as a base polymer for 
hydrolysis. The synthesized copolymers were characterized by different material 
characterization techniques such as elemental analysis, IR spectroscopy, SEM, thermal 
analysis, XRD. The above characterization techniques proved that hydrolysis has been 
accomplished. Thermal analysis showed that hydrolysis decreases the thermal stability of the 
product. 

Figures 5.11 to 5.22 show that for kaolin and iron ore suspension, Chito-hyd-3 shows better 
flocculation performance among all the partially hydrolyzed graft copolymers and for silica 
and bentonite suspensions, Chito-hyd-4 shows better performance. These results can also be 
proved by settling rate measurement. Table 5.4 represents the settling rate of partially 
hydrolyzed graft copolymers for all the suspensions used. The table (Table 5.4) shows that 
Chito-hyd-3 has highest settling rate for kaolin and iron ore suspensions and Chito-hyd-4 has 
highest settling rate for silica and bentonite suspensions. 

Table 5.4 Settling rate of Chito-g-PAM6 and partially hydrolyzed graft copolymers 


The Jar test result indicates that there is a competition between Chito-hyd-3 and Chito-hyd-4. 
Chito-hyd-3 shows lowest value of turbidity of the supernatant liquid for kaolin and silica 


Settling Rate(cm /sec) 


Polymer 
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0.337 


Chito-hyd-1 
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0.235 
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0.267 


0.315 


Chito-hyd-4 


Chito-hyd-5 
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solutions and Chito-hyd-4 shows lowest turbidity value for iron ore and bentonite 
suspensions. 

Experimental results show that there is a considerable amount of flocculation even thougn 
the polymer and contaminants are both highly negatively charged. This is because of the 
presence of negative charges on the polymer chains (due to the carboxylate groups). The 
electrostatic repulsion extends the polymer chains which causes increase in flocculation. 
Moreover, studies [349-358] showed that, the carboxylate groups ot the hydrolyzed 
copolymers formed coordinate complex with the metal ions present on the particle surface. 
However, due to negative charges on the polymer chains and contaminant particles, there is 
tendency of electrostatic repulsion, which decreases the flocculation. Partially hydrolyzed 
graft copolymers cause flocculation due to these opposing effects and on optimum hydrolysis 
the maximum in flocculation obtained. 
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6.1 INTRODUCTION 

Several methods have been used to remove inorganic and organic materials trom water 
during wastewater treatments and a very common method is coagulation / ilocculation 
followed by sedimentation or filtration. 

Since organic and inorganic materials are nearly always anionic over a wide range ol natural 
water pH, they interact strongly with cationic additives, especially hydrolyzed metal 
coagulant and cationic polymers. 

The cationization of polymers provides a unique technique for modifying polymers to meet 
desirable end use requirements. The cationic polymers are of additional interest because of 
their potential use as viscosifiers in oil recovery operations, as flocculants and in 
beneficiation and treatment of mining and waste water etc. An important advantage of 
cationic polymers is that the polymeric substrate or backbone polymer and the inserted 
cationic moiety are held together by chemical bonding allowing the polymer backbone and 
cationic moiety to be intimately associated rather than as mere physical mixtures. The method 
of cationization has been utilized as a special technique in the recent decades for synthesizing 
new class of polymeric materials by modifying the physical and chemical properties of 

synthetic and natural polymers. 

Water-soluble cationic polymers are a class of polyelectrolytes that derive their unique 
properties from the density and distribution of positive charges along the macromolecular 
backbone. These cationic polymers draw much attention in the field of waste water and paper 
making process due to strong attraction with the negatively charged colloidal particles. Vast 
quantities of research efforts have been directed towards the development of cationic polymer 
and the cationized polysaccharide being the majority of them. As a result, the study of the 
f" preparation and application of cationized polysaccharides has grown into a separate field of 

its own. A survey of literature based on cationic polysaccharides can be divided into three 
sections: (a) preparation, (b) characterization and (c) application. 

Cationized polysaccharides have long been used to flocculate negatively charged colloidal 
particles from aqueous suspensions. For examples, Kerr and Neukon [374] reported the 
preparation of 2-aminoethyl ether derivative of starch, which readily flocculated aqueous 
suspensions of negatively charged colloids such as algin and carboxymethyl cellulose. 
Additionally. Paschall and Minkema [375] have described the preparation of cationized 
• quaternary ammonium starch ether, which was found to be an excellent flocculating materml 
in aqueous s>stem. Audebert et al. [376] reported the flocculation behaviour of aqueous silica 



Chaplcr-VI 


suspensions by various cationized polyelectrolytes. They proposed that only bridging 
mechanism did not do the flocculation of silica. It was the electrostatic interactions, which 
played the main role in flocculation with cationic polyelectrolytes (patchwork model) 1.''77]. 

According to the accepted theory [378], a two part electrical layer is formed at solid-liquid 
interface, when solid particles were in suspension. The first layer is called Stein Layer, 
whereas the second layer is called Diffused Layer. The potential difference between the Stern 
Layer and Diffused layer is known as Zeta Potential. When a cationic polymer enters into the 
suspension, it decreases the thickness of the Stern Layer and reduces the electrostatic 
repulsion between the particles. Thus it brings the particles close enough and it is the long 
chain polymer, which bridges the particles together and form floes. 

Ogedengbe [379] also confirmed that both the charge neutralization and bridging mechanism 
were playing significant role in flocculation by cationic polymers. 

In paper making industries, cationic polymers are widely used as wet-end additives. They 
provide many benefits, which can be classified into four categories; (i) improvement of 
mechanical strength (ii) better retention of fines and fillers (iii) faster dewatering and (iv) 
reduction of wastewater pollution. 

In this part of the study, a new series of cationic polymers was prepared by using chilosan as 
base material. N-(3.chloro2.hydroxypropyl) trlmethyl ammonium chloride (CHPTAC) was 
grafted onto chitosan. The synthesized material was characterized by several techniques. 

6.2 MATERIALS 

Chitosan was a gift from Central Institute of Fisheries Technology, Cochin, India. N-(3- 
Chloro-2-hydroxypropyl) trimethyl ammonium chloride (CHPTAC) was procured tarn 
Lancaster Synthesis Company, England. Analytical grade of sodium hydroxide and 
hydrochloric acid were purchased from E Merck (India) Limited, Bombay, India. Isopropanol 
was supplied by S. D. Fine- Chem. Pvt Ltd., India. All the above chemicals were used 

without further purification. 
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6.3 SYNTHESIS 

Chitosan has been cationized by reaction between the chitosan and the cationic monomer N- 
(3-Chloro-2-hydroxypropyl) trimethyl ammonium chloride (CHPTAC) in presence of NaOH. 
The synthesis of cationized chitosan was performed in the following way: 

Calculated amount of chitosan was poured into distilled water at room temperature with a 
constant stirring for 1 hour. A mixture of calculated amount of CHPTAC and NaOH was 
added to the polysaccharide mixture and the whole reaction mixture was stirred continuously 
for next 18 hours. The chitosan was cationized during the reaction. The initial pH of the 
reactants was 11. The pH was then lowered to 2 by adding hydrochloric acid to stop the 
cationization process [380]. The cationized product was then precipitated in isopropanol. It 
was then dried in a vacuum oven. Subsequently, it was pulverized and sieved. The synthetic 
route is shown in SCHEME -I (Figure 6.1). 

Calculated amount of chitosan was mixed in 1 50 c.c. distilled water 

i 

The mixture temperature |V'as kept at room temperature 

Calculated volume of CHPTAC and NaOH solution was 
added to the^chitosan mixture 

The reaction mixture was stirred continuously 

I 

At the end of the required reaction time dilute hydrochloric acid was added 

I 

The precipitate was then dried in a vacuum oven at 60 C for 2 hours. 
Subsequently it was pulverized and sieved 


SCHEME I 


Figure 6.1 Schematic representation of the synthesis of cationized chitosan 
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5.4.2 Measurement of Intrinsic Viscosity 

Viscosity measurements of polymer solutions were carried out with the help of Ubbelohde 
v'iscometer (CS/S: 0.00386). Intrinsic viscosities of all the cationized chitosan solutions were 
determined from the point of intersection of two extrapolated (to zero concentration) plots 
[381] i.e., inherent viscosity versus concentration (Tiinh vs. C) and reduced viscosity versus 

concentration (Tired VS. C). 


In a similar way, various grades of cationized chitosan were synthesized by varying the 
reaction parameters. The details of synthetic parameters of cationized chitosan are 
summarized in Table 6.1. 


Table.6.1 Synthesis details of cationized chitosan 


6.4 CHARACTERIZATION OF THE CATIONIZED CHITOSAN 


6.4.1 Elemental Analysis 

Elemental analysis of cationized chitosan was undertaken with a Carlo Erba 1 1 08 elemental 
analyzer. The estimation of only three elements, i.e. carbon, hydrogen and nitrogen, was 
undertaken. 
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0.0044 
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0.0044 
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6.4.3 IR Spectroscopy 


A Thermo Nicolet IR Spectrophotometer (Model - Nexus 870 FTIR) was used to study the 
infrared spectroscopy of the cationized chitosan. Spectroscopy grade KBr was used for pellet 
making. 

6.4.4 Scanning Electron Microscopy (SEM) 

The SEM study of the cationized product was performed in small granular forms. For this 
study JEOL, JSM-6360, SEM, (Model-7582) made in England has been used. 

6.4.5 Thermal Analysis 

The DSC analysis of all the samples was performed using Perkin Elmer, PYRIS Diamond 
DSC (USA). The TG/DTG analysis of all the samples was carried out with Stanton Redcroft 
(STA 625) thermal analyzer. Both the DSC and TGA analyses of the samples were 
performed starting from room temperature in an atmosphere of nitrogen. The heating rate was 
uniform in all cases at 10 deg/min. 

6.4.6 X-ray Diffraction (XRD) 

Cationized chitosan was subjected for XRD analysis. A PW 1840 diffractometer and PW 
1729 X-ray generator (Philips, Holland) were used for this study producing CuKa radiation. 
The powdered polymer samples were packed into a hole of 2 mm diameter in a small 
container made of Perspex [poly (methyl methacrylate)] about 1 .5mm thick. The scattering 
angle (26) was varied from 10 to 50 degrees. 

f 6.5. FLOCCULATION STUDIES 

The flocculation studies for all the suspensions were carried out with addition of all the 
cationized products using settling test method and jar test method as described in the previous 
chapter (Chapter-IV & V). 
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6.6 RESULTS AND DISCUSSION 

6.6.1 Synthesis and Intrinsic Viscosity Measurement 

The synthesis details of cationized chitosan are in Table 6.1. Chitosan was cationized by 
incorporating a cationic moiety N- (3-chloro-2-hydroxypropyl) trimethyi ammonium chloride 
(CHPTAC) on their backbone in the presence of alkali. Various grades were developed for 
optimizing their flocculation characteristics. The synthesis parameter like amount of 
CHPTAC varied in order to observe the effect with varying number of inserted CHPTAC 
chains. 

It should be mentioned here that even though CHPTAC has been grafted onto chitosan, all 
the CHPTAC grafted chitosan has lower intrinsic viscosity in comparison to the native 
chitosan polymer, [Table 6.2]. This may be due to the better solubility of the cationized 
chitosan. The CHPTAC grafted chitosan is quickly soluble in aqueous medium within a few 
minutes but chitosan is not fully soluble in aqueous medium. It is even not making solution 
easily in acid medium. The poor solubility of chitosan may be explained by partially 
crystalline structure and very tight hydrogen bonding between amino and hydroxyl groups 
[382]. 

Table 6.2 Intrinsic viscosities of various grades of cationized chitosan 


Intrinsic Viscosity (dl/gm) 
in O.Ol(M) NaCl solution 


31.668 


Polymer 


Chitosan 


Chito-cat-2 


Chito-cat-3 


Chito-cat-4 

Chito-cat-5 


The mechanism for the cationization of the chitosan by CHPTAC is described in Figure 6.2. 
The reaction shows that the increase in the amount of the CHPTAC increases the number of 
branching on the backbone of the chitosan and thus making a comb like structure. 
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6.6.2 Elemental Analysis 

The elemental analyses of different grades of CHPTAC grafted chitosan are given in Table 
6.3. It is observed that there is an increase in the percentage of nitrogen in the CHPTAC 
grafted chitosan from Chito-cat-1 to Chito-cat-5, which can be accounted for by the presence 
of inserted CHPTAC chains. The higher percentage of nitrogen may be due to the increased 
CHPTAC content in the cationized product. 

Table 6.3 Elemental analysis of cationized chitosan 


Polymer 

% of Carbon 

% of Hydrogen 

% of N itrogen 

Chitosan 

40.36 

6.68 

7.65 

CHPTAC 

37.71 

7.82 

7.34 

Chito-cat-1 

29.1 

6.45 

6.01 

Chito-cat-2 

29.69 

6.54 

5.98 

Chito-cat-3 

29.31 

6.50 

5.96 

Chito-cat-4 

30.50 

6.59 

5.77 

Chito-cat-5 

29.65 

6.57 

5.51 
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Figure 6.2 Mechanism for the synthesis of CHPTAC grafted chitosan 


6.6.3 IR Spectroscopy 

The cationisation of chitosan is conformed by IR spectroscopy. The IR spectra of CHP1 AC, 
chitosan and CHPTAC grafted chitosan are shown in Figures 6.3, 6.4 and 6.5 respectively. 

In CHPTAC, the broad band at 3206-3273 cm’’ is for 0-H stretching vibration. The band has 
shifted to a little lower value due to the strong hydrogen bonding. The band around 2840 is 
assigned to the C-H stretching. A strong band at 670 cm'* is due-to the C-Cl absorption band. 
In CHPTAC grafted chitosan, the broad band at 3435 cm ' is due to the stretching mode of O- 
H groups. The broad band of 0-H stretching absorption somewhat overlaps the N-H 
stretching band. The IR spectra of cationized chitosan showed a sharp peak at 1020 cm , 
which is the characteristic peak of C-N bond. There is another peak at 1 158 cm''. This is the 
characteristic peak for alkyl ether. The same peak is also present in chitosan due to the six 
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membered ring with oxygen but with a lower intensity. These peaks are evidence ot chemical 
bonding of CHPTAC onto the backbone of chitosan. 
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Figure 6.5 IR Spectrum of CHPTAC grafted chitosan 


6.6.4 Scanning Electron Microscopy (SEM) 

Figure 6.6 shows the scanning electron micrographs of the CHPTAC grafted chitosan 
copolymers. It can be easily seen from the figures that the grafting of CHP i AC considerably 
changes the surface morphology of the chitosan. SEM observation of the native chitosan 
reveals the flaky nature, wherein fibre strands deposition over the surface is visible. The flaky 
and fibrous nature of the chitosan was totally modified in the grafted materials. A discernible 
difference is seen in their surface topography. CHPTAC grafted chitosan shows a soft porous 
structure. 



Figure 6.6 SEM of chitosan (a) and Chito-cat-2 (b, c, and d) 


6.6.5 Thermal Analysis 


rimetn 


The Figure 6.7 shows the DSC curve of chitosan and Chito-cat-2. The initial endothermic 
peak in chitosan represents the loss of water. Chitosan shows two endothermic peaks at 
around 144 “C and 162 °C. Chito-cat-2 shows one sharp peak at 147 “C, which corresponds to 
the evaporation of the sorbed and bound moisture from the sample. A sharp endothermic 
peak at around 212 ®C is due to the decomposition of the bonded CHPTAC moieties. There is 
a broad exothermic peak in the 231-309 “C range, which corresponds to the degradation of 
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the backbone chitosan. An endothermic peak in the range of 317-450 "C is due to the 
decomposition of the degradated products. 


Chitosan 

Chito-cat-2 



0 50 100 150 200 250 300 350 400 450 500 

Temperature( °C) 

Figure 6.7 DSC Thermograph of chitosan and Chito-cat-2 

6.6.5.2 Thermogravimetric Analysis (TG and DTGI 

The TG curves of chitosan and the Chito-cat-2 are shown in Figure 6.8. The initial weight 
loss at approximately 147 °C was due to the evaporation of water. When CHPTAC was 
grafted onto chitosan, the thermal stability of the cationized product shifted to a lower value 
in comparison with chitosan. In order to examine the thermal behaviour of decomposition in 
detail, differential thermogravimetric (DTG) curves of these two polymers were compared. 
(Figure 6.9). The maximum decomposition temperature of chitosan appeared at 298 °C. This 
is ascribed to a complex process including dehydration of the polysaccharide rings and 
depolymerization of the acetylated and deacetylated units of the polymer [383,384]. The 
Chito-cat-2 decomposes at a lower temperature (206 ^C, 243 ^C). This could be attributed to 
the disintegration of the intermolecular attraction among the chitosan chains by incorporation 
of the CHPTAC moiety. 
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6.8 TG Curves of chitosan and Chito-cat-2 



6.9 DTG Curves of chitosan and Chito-cat-2 








Cationization of Chitosan 


From Figure 6.10 (a), it is obvious that chitosan exhibits low crystallinity and is showing a 
characteristic broad peak at around 20 degree. A peak at 33 degree indicates the presence of 
hydroxyapatite salt [23-25], However, the cationized product [Figure 6.10 (c)] does not have 
any peak at around 20 degree, which indicates the amorphous nature of the cationic material, 
but it has a sharper peak at 33 degree, which indicates the presence of crystalline 
hydroxyapatite. It should be noted here that with treatment of alkali, the crystallinity of the 
hydroxyapatite salt increases. This indicates the random chemical linkage of CHPTAC onto 
the backbone of chitosan, destroying its partial crystallinity. The crystallinity of this inorganic 
salt also increases with heating. The sharp peaks found in CHPTAC monomer [Figure 6.10 
(b)] are also absent in the cationic product. 

6.7. FLOCCULATION STUDIES 

The flocculation performances of all the cationized chitosan (Chito-cat-1 to Chito- cat-5) 
were compared in kaolin, iron ore, silica and bentonite suspensions. The characteristics of all 
the suspensions are given in Chapter-IV. 

6.7.1 The Settling Tests 

The settling tests for synthesized cationized polysaccharides were carried out in all the four 
colloidal suspensions, namely, kaolin, iron ore, silica and bentonite. In each case, the settling 
time was plotted against the height of interface. The flocculation performance of a particular 
polymer could be correlated with the settling velocity. The higher the settling velocity of the 
floe containing contaminants, the higher will be its flocculation performance. 
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6.7. 1.1 Flocculation of the Kaolin Suspension 


Figure 6.11 represents the flocculation behaviour of various grades of cationized chitosan in 
3 wt% kaolin suspension. It has been observed that the flocculation performance of Chito-cat- 
2 is better than all the other cationized chitosan solutions. 
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6.7. 1.2 Flocculation of the Iron Ore Suspension 

The flocculation perl'ormance of iron ore suspensions was measured with all the grades of 
cationized chitosan solutions. The pulp density was fixed at 3wt% and the optimum polymer 
dose was experimentally determined 5 ppm. It can easily observe from the curves (Figure- 
6.12) that the settling behaviour of iron ore is faster with the addition of chito-cat-2 compared 
to other cationized chitosan solutions. 
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Figure6.12 Settling curves for iron ore with addition of 
all the cationized chitosan solutions 
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6.7. 1.3 Flocculation of the Silica Suspension 

The flocculation performance for the Silica suspension was done with addition of all the 
cationic graft copolymers. Figure 6.13 represents the flocculation performance of all the 
cationic copolymers for Silica suspension. The pulp density was made fixed at3wt% and the 
polymer dosage was optimized at 4ppm. Here it can be seen from the figure that Chito-cat-2 
shows better performance than all the other copolymers. 
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Figure 6.13 Settling curves for silica suspension with addition of 
all the cationized chitosan solutions 
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6.7. 1.4 Flocculation of the Bentonite Suspension 


The flocculation efilcicncy lor the bentonite suspension is represented in Figure 6.14. To 
achieve a measurable sctlliny rate the pulp density was taken 1 wt%. Here it can be observed 
from the figure that C'hito-cat-2 shows better flocculation performance for bentonite 
suspension than other cal ionized chitosan solutions. 
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Figure 6.14 Settling curves for bentonite suspension with addition of 
al I the caticnized chitosan solutions 


It can be seen from Figure 6.14 that the initial rate of settling of chitosan is higher in 
comparison to Chuito-cat-2. But after 20 cm of interface height the settling rate of chitosan 
decreases. This could be due to the large but loose floes, which hinder the settling rate of the 
bentonite suspension. 
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6.7.2 Jar Tests 

In Jar Test method the tlocculation efficiency of all the cationized chitosan was compared in 
0.25wt% of all the suspension. The turbidity of the supernatant liquid after flocculation has 
been plotted against cationized chitosan dosage at room temperature (33 "C). 

6.7.2. 1 Flocculation of the Kaolin Suspension 

The jar test for kaolin suspension was performed with addition of all the cationized chitosan 
solutions (Figure 6.15). It is found that the Chito-cat-5 shows better flocculation performance 
among all the cationized chitosan in kaolin suspension. The flocculation efficiency increases 
with increase of polymer dosage and reaches at minimum turbidity value, after that, increase 
in polymer dosage increases turbidity value. 



Figure 6.15 Jar test results for kaolin suspension (0.25wt%) with 
addition of all the cationized chitosan solutions 
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6 . 1 . 2.2 Flocculation of the Iron Ore Suspension 

Figure 6.16 represents the flocculation efficiency of the cationized chitosan solutions in 
0.25wt% iron ore suspension. Here Chito-cat-2 shows better flocculation performance among 
all the cationized chitosan solutions. It can be easily observed from the figure that the 
flocculation performance of the cationized chitosan increases with increase with the polymer 
dosage upto a certain value and after that increase in polymer dosage decrease the 
flocculation efficiency rapidly. 



Figure 6.16 Jar test results for kaolin suspension (0.25 wt%) with 
addition of all the cationized chitosan solutions 
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6.7.2.3 Flocculation of the Silica Suspension 

Figure6.17 represents the flocculation efficiency of all the cationized chitosan solutions in 
silica suspension. 



Figure 6.17 Jar test results for silica suspension (0.25wt%)with 
addition of all the cationized chitosan solutions 


It can be seen from the Figure 6.17 that Chito-cat-4 shows the best performance among all 
the cationized chitosan solutions. For silica suspension, the best clarification of the 
supernatant liquid is seen at relatively higher polymer dosage. 
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6.7.2.4 Flocculation of the Bentonite Suspension 


The flocculation performance of all the cationized chitosan solutions was studied in bentonite 
suspension and represented in Figure 6.18. A closer look shows that Chito-cat-2 is showing 
relatively better performance among all the cationized chitosan solutions. 
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Figure 6.18 Jar test results for bentonite suspension (0.25wt) with 
addition of all cationized chitosan solutions 


It can be seen from all the above figures (Figure 6.15 - 6.18) that the flocculation efficiency 
of all the cationized chitosan increases with increase in polymer dosage upto a certain value 
and after that further addition decreases the flocculation. 
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6.8 SUMMARY 

This chapter described the synthesis of different grades of cationized chitosan. N -(3-chlcro- 
2-hydroxypropyi) trimethyl ammonium chloride (CHPTAC) has been chemically bonded 
onto the chitosan backbone. The reaction was carried out in alkaline medium. The reaction 
parameters were varied to get better flocculent. The best grade was characterized with 
different material characterization technilques such as elemental analysis, IR spectroscopy, 
SEM, thermal analysis, etc. The change in elemental analysis along with the presence of C-N 
band in IR spectrum clearly proved the grafting of CHPTAC onto chitosan backbone, 
Thermal analysis indicates that the thermal stability of chitosan decreases with grafting of 
CHPTAC moiety. 

Flocculation properties of all these cationized products were investigated by settling test and 
jar test measurement method. Here four different types of particles (kaolin, iron ore, silica 
and bentonite) were used for flocculation measurement. Chito-cat-2 showed faster settling 
rate among all the cationized products (Table 6.4). But Jar tests results indicates that chitosan 
is a better water-clarifying agent than all the CHPTAC grafted chitosan. This may be due to 
the amine groups in the chitosan backbone, which has higher affinity towards the particles. 


Table 6.4 Settling rate of chitosan and cationized chitosan 


Polymer 

Settling Rate (cm /sec) 

Kaolin 

Iron Ore 

Silica • 

Bentonite 

Chitosan 

0.150 

0.1735 

0.128 

0.192 

Chito-cat-1 

0.187 

0.306 

0’430 

0.166 

Chito-cat-2 

0.236 

0.377 

0.582 

0.172 

Chito-cat-3 

0.145 

0.162 

0.200 

0.148 

Chito-cat-4 

0.156 

0.177 

0.220 

0.154 

Chito-cat-5 

0.207 

0.187 

0.370 

0.162 
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Conclusions and Future Scopes 


7.1 CONCLUSIONS 


% 




Chitosan has wide variety of applications in mineral processing, biomedical industries and 
agriculture industries etc. It has been established in the group of R.P.Singh that physical 
properties of polysaccharides can be drastically improved by grafting and cationization of 
polysaccharides. In the present investigation alternate has been made to improve the 
flocculation characteristics of chitosan. Two series of graft copolymers were synthesized by 
varying acrylamide and CAN concentration. The graft copolymers were characterized with a 
number of material characterization techniques such as elemental analysis, IR spectroscopy, 
SEM, thermal analysis, viscometry and XRD. The flocculation characteristics of chitosan and 
all the graft copolymers were studied in aqueous suspension of kaolin, iron ore, silica and 
bentonite particles. 

On hydrolysis of the graft copolymers, the amide groups on the graft copolymers are 
converted to carboxylate groups. As the hydrolyzed grafted chitosans have negative charge, 
they repel each other and straighten the side chains. To investigate the effect of hydrolyzed 
graft chitosan on flocculation performance, a series of hydrolysed grades (Chito-hyd-1 to 
Chito-hyd-5) were prepared using the graft copolymer having the best flocculation 
characteristics (Chito-g-PAM6). The hydrolyzed products were also characterized by various 
material characterization techniques mentioned above. 

It is found that in aqueous suspension, both organic and inorganic contaminants are mostly 
anionic. They interact strongly with cationic additives, especially cationic polymers. To 
investigate the effect of cationic polymers on flocculation performance, CHPTAC has been 
grafted onto the backbone of chitosan. To examine the effect of cationicity, a series of 
CHPTAC .grafted chitosan (Chito-catl to Chito-cat-5) were prepared by varying the 
CHPTAC concentration. All these cationized copolymers were characterized by various 
materia! characterization techniques. 

The following conclusions are drawn from these investigations. 

1. The variation in the synthesis parameters such as monomer and initiator concentration 
leads to the variation in the intrinsic viscosity of the graft copolymers (Chito-g-PAMl 
to Chito-g-PAM7). A low concentration of initiator (CAN) creates a fewer number of 
radical sites on the backbone of chitosan as against a high concentration of CAN. As a 
result, for the same moles of acrylamide, the grafted chains should be longer in case 
of former than shorter in case of the latter. For two polymers of approximately same 
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molecular weight, a branched polymer will have a lower intrinsic viscosity value, 
which can be attributed to the lower hydrodynamic volume as compared to its linear 
counterpart. Further, along a series of branched polymers, the longer the branches, 
higher will be the intrinsic viscosity and vice versa. This has been experimentally 
observed that Chito-g-PAM6 has highest intrinsic viscosity (8.09 dl/g) among the 
graft copolymers. 

2. During partial alkaline hydrolysis of PAM grafted chitosan, it is possible to control 

the carboxyl content by varying the reaction parameters like concentration of alkali, 
reaction time and temperature. ' 

3. Results of elemental analysis show that chitosan has considerable amount of nitrogfen 
content (7.65 %). The nitrogen content is due to the presence of amino groups in 
chitosan. It has also been found that there is a considerable increase in the percentage 
of nitrogen in the graft copolymers, which is accounted due to the presence of grafted 
PAM chains. The elemental analysis study of the hydrolysed products indicated that 
the percentage of nitrogen decreases in comparison with the corresponding graft 
copolymer (Chito-g-PAM6) as the amide groups are converted to carboxylate groups, 
which has also been observed in measuring the N.E values. The elemental analysis of 
the cationized products showed that there is a gradual decrease in the percentage of 
the nitrogen from Chito-cat- 1(6.01%) to Chito-cat-5 (5.51%). This is due to the fact 
that with incorporation of the CHPTAC monomer on the backbone of chitosan, both 
the amount of carbon and nitrogen increases. But the increase of the amount of carbon 
is higher than the amount of nitrogen. 

4. The hydrolyzed products are not giving a homogenous solution in aqueous medium 
and therefore it is found not feasible to measure the intrinsic viscosity of these 
polymers with the viscometer. The cationic products are readily soluble in aqueous 
medium and showed lower intrinsic viscosity than the corresponding chitosan 
polymer. 

5. Comparison of the IR spectra of chitosan, PAM and PAM grafted chitosan (Chito-g- 
PAM6) proves the grafting of PAM onto chitosan. The hydrolysis of the grafter 
product is proved by the presence of the characteristic peaks for the carboxylate 
groups at 1457 cm"' and 1640 cm"'. The IR spectrum of cationized chitosan shows a 
sharp peak at 1020 cm"', which is the characteristic peak of C-N bond. There is 
another peak at 1158 cm'', which is the characteristic peak for alkyl ether. The same 
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peak is also present in chitosan due to the six meinbered rings with oxygen but with a 
lower intensity. These all peaks are evidence of grafting of CHPTAC onto chitosan. 

6. Scanning electron micrograph of Chito-g-PAM6 shows a distinctive change of surface 
morphology in comparison to chitosan. On hydrolysis, the fibrous structure of Chito- 
g-PAM6 changes remarkably. Cationization of chitosan changes the flaky structure of 
chitosan to soft porous structure. 

7. Thermal analysis of PAM grafted chitosan shows an improvement of thermal stability 
of the grafted product in comparison to chitosan. DSC thermograph of chitosan shows 
a slope just before the endothermic peak around 70 °C-125 “C. The slope is believed 
to be due to the local relaxation of the chitosan backbone. This slope is absent in 
Chito-g-PAM copolymer. The local relaxation of chitosan molecules was interrupted 
by the random attachment of PAM chains on the backbone of the chitosan. 
Hydrolyzed products have lower thermal stability than Chito-g-PAM6. Cationic 
chitosan is thermally less stable in comparison to native chitosan. 

8. X-ray diffraction study shows that the crystallinity decreases in all graft copolymers, 
hydrolyzed graft copolymer and cationized chitosan in comparison to chitosan. 

9. Results of the flocculation studies indicate that the graft copolymers have better 
flocculation performance in comparison to the ungrafted chitosan. The better 
flocculating performance of the graft copolymers over the chitosan is due to the 
presence of long dangling PAM chains in the graft copolymers, which gives effective 
bridging. Bridging takes places by adsorption of polymer molecules at more than one 
site on a particle or at sites on different particles. In the case of graft copolymers due 
to the easier approachability of the PAM chains, as per Singh’s Easy Approachability 
Model, can easily bind the colloidal particles through bridging and can form floes. 
This type of intense bridging is not possible in case of linear polymers. When all the 
graft copolymers were compared, Chito-g-PAM 6 exhibits best flocculation 
performance among all the grafted products. This may be due to the presence of fewer 
but longer PAM chains, which enhances the flocculation efficiency. 

10. The hydrolyzed products have lower flocculation performance than the corresponding 
graft copolymer (Chito-g-PAM6). Among all the hydrolyzed graft copolymers, Chito- 
hyd-3 shows better flocculation performance for kaolin and iron ore suspensions. 
Whereas Chito-hvd-4 shows better flocculation characteristics for silica and bentonite 
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suspensions. This is due to the competition between the attraction and repulsion 
interactions among the polymer and particles. 

1 1. Cationized chitosans can approach closer to the particle surface and can bound the 
particles tightly as in aqueous solution most of the particles remain negatively charged 
in neutral pH. Among the cationized chitosan, Chito-cat-2 shows best flocculation 
performance in aqueous suspension of all the particles. The settling rate of cationized 
chitosan is higher compare to chitosan. But in case of jar test the native chitosan is 
better than the cationized chitosan. 


7.2 FUTURE SCOPE OF THE WORK 


In future the work will be comprised of the following; 


1. Comparison of the flocculation performance of unhydrolyzed, hydrolyzed and 
cationized chitosan with commonly available flocculation. 

2. Investigation of the rheological properties of unhydrolyzed hydrolyzed and CHPTAC 

grafted chitosan. 

3. To study of molecular weight distribution of unhydrolysed, hydrolyzed and cationized 
chitosan. 
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